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Abstract 
The use of flood frequency analysis (FFA) to estimate both the magnitude and frequency of the 
design flood is severely limited by short gauging records. This thesis seeks to improve our 
understanding of the frequency and magnitude of extreme flood events, with an aim to advance 
flood risk management and policy planning through the integration of spatial and temporal extreme 
flood information. This research undertakes a field-work based regional study, collecting slackwater 
deposits (SWDs) as extreme flood archives and incorporates these as palaeoflood record of extreme 
flood events for SouthEast Queensland (SEQ).  
To do so, this study must first define an extreme flood, which is undertaken through the 
derivation of an Australian Envelope Curve (AEC). The resultant approach represents a 
significantly improved method to produce an AEC which comprises data from ~2700 gauges in 
SEQ. 
An alternative approach to flood frequency is also investigated in the form of a Probabilistic 
Regional Envelope Curve (PREC) approach which integrates additional spatial information, from 
homogenous regions. Results indicate that for gauges with either too few, or too many, extreme 
flood events, the PREC method shows significant changes to the estimated discharges of low % 
Annual Exceedance Probability (AEP) flood quantiles. A decision making process is provided to 
ascertain when this method is preferable for FFA.  
This thesis also examines historical and palaeoflood records that can provide significant 
upper-tail flood information, often missing from short gauging records. Palaeoflood studies and 
records have been spatially limited to bedrock settings, in climatic regions outside the subtropical 
environs of SouthEast Queensland. Reliable historical records are also temporally limited to the last 
~200 years of European settlement. This study produced results on the timing and magnitude of past 
floods from over 30 SWDs across five catchments in the region, spanning a variety of depositional 
settings, contributing catchment areas, and discharge magnitude. Sensitivity analyses included tests 
for stable boundary conditions essential for reliable discharge reconstruction. Results show that 
cross sectional changes due to either aggradation or incision result in resultant changes in discharge 
that are within the uncertainty range for most of the concerned % AEP flood quantiles.  
Additional temporal extreme flood information derived from both historical and palaeoflood 
records are also integrated with gauge records for FFA. This approach reveals that a significant 
reduction in uncertainty associated with the estimated discharge of a flood quantile can be achieved. 
Importantly, the uncertainty associated with the 1% AEP flood discharge is reduced by 50-74%. 
ii 
The reduction in uncertainty, particularly in the estimation of the 1% AEP design flood has 
important implications for flood risk planning and management.  
Preliminary contributions to improve our understanding of regional climatic drivers and high 
magnitude floods are also explored. Preliminary results based on aggregating the timing of known 
extreme flood events with available climate proxy data indicate that tropical weather systems (e.g. 
tropical cyclones) have the potential to generate large palaeofloods across a far-reaching spatial 
scale. The extensive flooding across the eastern seaboard of Australia as a result of Cyclone Debbie 
in March/April 2017 (weeks before this thesis was submitted) is a most recent example. In addition, 
interdecadal climate variability such as the El Niño-Southern Oscillation (ENSO) and the 
Interdecadal Pacific Oscillations (IPO) also appear to play a role in generating these high magnitude 
floods with synchronous periods of regional extreme floods generally coincide with the La Niña and 
IPO negative phase.  
This study concludes by recommending that palaeoflood hydrology is rapidly embraced in 
flood risk management in Australia as other parts of the world now lead in examples of its benefits 
to improved FFA. Specifically the study illustrates that the creation of a national repository of 
palaeoflood records, together with an online flood risk assessment tool are some of the outcomes 
worthy of serious consideration in any revisions to flood risk management in Australia in coming 
years. 
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CHAPTER 1: 
Introduction 
1.1 Overview 
Throughout history, floods have provided life and prosperity to civilisations yet simultaneously 
represent extreme hazards causing suffering and loss to millions of people (United Nations, 2004). 
Floods are now the most destructive type of disaster that impacts people and economies worldwide 
(CRED 2015). Global statistics compiled for the period between 1980 and 2008 showed almost 
200,000 fatalities and over 2.8 billion people affected by floods (www.preventionweb.net). The 
Intergovernmental Panel for Climate Change (IPCC)’s Special Report on Managing the Risks of 
Extreme Events and Disasters to Advance Climate Change Adaptation (SREX) (IPCC 2012) also 
notes that the trend is for more regions to experience an increase in the number of these extreme 
events. Extreme floods are now becoming the ‘norm’ in our society. 
Floods are Australia's most expensive natural hazard with an average annual cost of A$377 
million (Middelmann-Fernandes 2009). Most parts of Australia will experience an elevated 
intensity of extreme rainfall events in coming decades (Whetton 2011). This has significant 
implications, especially in densely populated cities along the eastern seaboard such as Brisbane, 
Sydney and the Gold Coast. For example, a mere ‘20% increase in the intensity of a 1-in-100-year 
rainstorm could … inundate 7000 properties in the Gold Coast in Southeast Queensland (SEQ)’ 
(Whetton 2011). This would dramatically increase in density populated cities like Brisbane which 
has centered its CBD on the banks of the Brisbane River. 
The hydrological year 2010-2011 was the wettest year on record for Queensland, Australia 
and the wettest year since 1974 for SouthEast Queensland (Nicholls 2011; Bureau of Meteorology 
(BoM) 2012; Ummenhofer et al. 2015). The January 2011 flood alone led to the loss of 22 lives in 
the Lockyer Valley, SEQ (Croke et al. 2013). This extreme rain event was followed by ex-tropical 
Cyclone Oswald in 2013 which produced another major flooding event in SEQ. The geomorphic, 
hydrological and landscape impacts and responses have now been widely researched in the Lockyer 
Valley basin (Croke et al. 2016a), a key tributary of the Brisbane River upstream of Brisbane city. 
Building on these intensive scientific studies in a single basin, the important next step is to improve 
our understanding of extreme flood events in a regional context. 
The understanding of the frequency and magnitude of extreme flood events remains a major 
contemporary challenge to flood risk management and policy planning. These flood events are also 
critical benchmarks for engineers and policy makers for infrastructural designs and public safety. 
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However by nature they occur infrequently and are commonly missing from the short gauging 
records which characterise much of Australia since European settlement. 
Flood frequency analysis (FFA) is the common approach used to estimate the probability of a 
given size flood event occurring over time. FFA is typically conducted with a continuous set of 
systematic records and involves the use of annual maximum discharge series (Rao and Hamed 
1999). The key assumption of FFA is that the set of systematic records capture a good spectrum of 
flood magnitudes, especially those on the more extreme end. This assumption is rarely met if the 
gauging station records are short. In SEQ, the earliest gauging station was constructed about 90 km 
upstream of the mouth of the Brisbane River in 1900 but this station (143003A, Mount Crosby 
Weir) only lasted 75 years. On average, the continuous gauging flow and/or discharge record of all 
historical and existing gauging stations across Eastern Australia is only 42 years (Rustomji et al. 
2009). It is of note that almost all of these stations have gaps in their daily data records. In 
ungauged catchments, the Regional Flood Frequency Analysis (RFFA) is employed using data from 
a set of stations with similar hydrological and climatic characteristics (Haddad et al. 2010). 
The source of flood information used in estimating flood frequency takes a variety of forms 
(Fig. 1). Poor long-term gauge records and more importantly, the absence of large magnitude events 
within the records can be addressed with the use of spatial information from gauges within a 
homogenous region, applying a space-for-time substitution of flood information (Reis and 
Stedinger 2005). RFFA is an example of this method but considers the full spectrum of flood 
magnitudes rather than those from the upper end of the distribution. 
 
Figure 1. Different forms and sources of flood information. 
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In addition to the traditional systematic records of floods (i.e. gauging station records), two other 
temporal sources of flood data can be used to extend flood records (Fig. 1). Palaeoflood records 
present the use of geological, geomorphological, hydrological and/or biological indicators in the 
natural environment to construct floods beyond centennial and millennial scales. This is primarily 
based on i) evidence of deposition of fluvial sediments in low energy or slackwater zones, typically 
known as Slackwater deposits (SWDs) and; ii) other evidence of high water-stage marks such as 
scarring of tree trunks and stripping of vegetation, also known as Palaeostage-Indicators (PSIs) 
(Baker 1987). Documentary records are a common source of important flood data. This is especially 
true for large magnitude events as they tend to be recorded in written archives, pictorial drawings 
and oral depiction. The overview paper on historical hydrology of Europe by Brazdil et al. (2006) 
provide many examples of historical flood studies in Europe, some of which extend flood records 
up to, and before, AD1500. Unlike systematic records, both palaeoflood and documentary records 
are non-continuous in nature. These two forms of records are pre-instrumental records that can help 
to extend the relatively short systematic records, as well as provide verification of flood analysis 
extrapolation beyond the systematic records. The use of all three forms of records will provide 
spatial and temporal extension of systematic records to increase the understanding of flood 
magnitude and better capture the effect of climate change on flood magnitude. 
1.2 Aim and Objectives 
The overall aim of this thesis is to improve our understanding of the nature and timing of 
extreme floods in SEQ, Australia, with the addition of spatial and temporal extreme flood 
information to at-site FFA. The lack of long term discharge records exposes the weakness of 
extrapolating measured flood magnitude and frequency for flood mitigation modelling and 
prediction. This is because any trend from a short temporal record may be “a limb (in) a longer term 
cyclical fluctuation” (Gregory et al. 2008). Without considering a larger time scale of discharge 
variability, existing flood mitigation approaches may grossly under (or over) predict flood 
magnitude for hazard planning. 
The specific objectives of this thesis are as follow: 
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Objective 1: Define and integrate extreme flood records through space (systematic records from 
homogenous stations) 
Objective 2: Explore the potential of using slack water deposits as archives of extreme flood 
events in the region 
Objective 3: Improve discharge estimation of flood quantile with longer temporal record length 
Objective 4: Test the hypothesis that palaeoflood timing can be used to determine regionally-
synchronous flood periods and link them to key climatic drivers 
Objective 5: Incorporate palaeoflood information in flood risk management in Australia 
1.2.1 Objective 1 
This thesis is primarily concerned with an ‘extreme flood’. It is therefore necessary to first derive a 
clear working definition of an extreme flood for the purposes of this study. Traditionally, extreme 
flood events are derived from empirical Envelope Curves (EC) constructed across various spatial 
scales and commonly used to compare the magnitude of floods with recorded floods (Costa 1987; 
Herschy, 2002). The envelope curve has its origin from Creager (1939) when he attempted to 
understand possible and probable future floods based on recorded flood records in the United 
States. It provides an upper bound to observed extreme flood discharges plotted against drainage 
area. Costa (1987) compared an envelope curve for the United States against extreme flood data 
from China and the rest of the world to provide a relatively good fit world envelope curve. Herschy 
(2002) provided an updated and simplified world envelope curve with regression equations for 
drainage areas both smaller and greater than 100 km
2
. EC curves are still popularly cited in the 
literature to compare and/or indicate the magnitude of floods of interest. However, an EC on its own 
cannot provide a useful definition for an extreme flood. 
In Australia, the Australia Rainfall and Runoff (ARR) is the national guideline on flood 
estimation for engineers (http://arr.ga.gov.au/). Three categories of design flood magnitude are 
used: rare, very rare and extreme.  An extreme flood in this context is beyond the largest direct 
observation and the estimate is beyond the credit limit of extrapolation. The Annual Exceedance 
Probability (AEP) of these estimated extreme floods will range from 0.05% AEP (1 in 2000 year) to 
the probable maximum flood (PMF). This definition of extreme flood will not be applicable to 
gauged, historical and/or palaeoflood events.  
Today, the 1% AEP is the typical flood that is used for flood planning and mitigation works in 
Australia and many other parts of the word. However, 30 years ago, the largest historical flood in an 
area was the more commonly adopted one for planning purposes in Australia 
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(http://www.chiefscientist.qld.gov.au/). The most likely reason for the change in popularity of the 
latter is the lack of observed significant large flood event in some areas. This is a direct result of 
short gauging records. One key advantage of the flood frequency analysis is the ability to extend the 
Average Recurrence Interval (ARI) prediction of large magnitude events beyond the largest 
recorded. However, this is a shortcoming in itself as there is no way to verify and ascertain the 
uncertainty in the prediction of such unrecorded events. 
It is widely acknowledged the traditional flood frequency analysis approach has limitations 
owing to: (i) gauging record length, (ii) inadequate representation of high magnitude events and (iii) 
the assumption of climatic stationarity and physiographical homogeneity of gauging records. It is 
therefore timely to look at what flood events have taken place in the past so as to better understand 
the possibility of bigger events than what is systematically recorded and/or currently modelled. 
There are three traditional approaches to estimating extreme floods: (1) using statistical 
extrapolation of short flood data series to extreme flood magnitudes; (2) applying empirically-
derived flood discharges and basin and/or regional climatic characteristics to estimate extreme flood 
magnitude and; (3) using rainfall-runoff models to estimate extreme flood magnitudes (Enzel et al. 
1993). Examples for these traditional approaches are FFA, Regional Envelope Curve (REC) and 
PMF respectively. However, none of these have proven adequate. The first two have the problem of 
insufficient data and potential ‘no (or excessive) capture’ of extreme events in the data set. In 
addition, they do not have an absolute upper bound and hence result in excessive overestimation on 
the upper tail end of any frequency distribution.  The last approach is effectively derived by using 
Probable Maximum Precipitation (PMP) and the concern is the gross overestimation of the upper 
bound. A ‘fit-for-purpose’ definition of an ‘extreme flood event’ is therefore necessary for this 
thesis. 
A method to improve extreme flood information for gauges is the use of Probabilistic 
Regional Envelope Curves (PRECs) (Castellarin et al. 2005; Castellarin 2007; Guse et al. 2009; 
Guse et al. 2010a) and integrating information from across the region of extreme floods into FFA 
(Guse et al. 2010b). Similar to RFFA, this method uses homogenous regions to provide additional 
discharge information to the existing gauged record, but only extreme flood information is 
considered. The integration of spatial extreme flood data seeks to understand the extent of ‘missing’ 
extreme flood information and the effects of such poorly represented upper-tail end distribution of 
flood magnitudes. 
The Probabilistic Regional Envelope Curves (PREC) method assigns an exceedance 
probability to the Regional Envelope Curve (REC), where its inverse, i.e. recurrence interval is 
derived with a paired PREC discharge. Guse et al. (2010b) have developed a method to integrate 
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PRECs’ large flood quantiles to improve traditional FFA. This objective will be met by applying a 
modified version of this method to study area and compare results with traditional FFA. 
1.2.2 Objective 2 
Palaeoflood Hydrology (Kochel and Baker 1982) is an interdisciplinary science of reconstructing 
previous large flood events which occurred prior to any human observation (documentary records) 
and/or systematic measurements (gauging records) in a given location (Baker 1987). Although the 
term “palaeoflood hydrology” was officially noted in 1982 by Kochel and Baker, studies of ancient 
or (pre)historic floods goes back to the 19
th
 century (Baker 2006; see Costa 1987 and Patton 1987). 
The last 30 years has seen this science advance significantly to better understand flood and its 
associated hazards (Baker et al. 2002). 
Palaeoflood hydrology and more specifically the techniques of using slackwater deposits 
(SWDs) and other PSIs are now increasingly used globally to find evidence of flood events.  SWDs 
are best preserved in areas away from the main channel flow during high stage events (Benito and 
Thorndcyraft 2005). These reduced velocities areas where SWDs are deposited include eddy zones, 
channel expansion/constriction zones and channel edges. These slackwater zones are areas where 
eddies, back flooding and water stagnation occur. Bedrock settings as a stable boundary condition is 
the ideal setting for using these SWDs for flood reconstruction, as bedrock channels experience the 
lowest rate of physical change compared to other geomorphological settings. The main rationale is 
the need to derive close approximations of the channel cross-section at the time the SWD was 
deposited. This is critical in the calculation of the minimum peak discharge of the event that 
deposited the deposit. 
 Palaeoflood records and SWDs have proven useful in reconstructing the magnitude of 
palaeoflood events that occurred before systematic records become available in a locale. Engineers 
Australia acknowledged the potential and value of palaeoflood estimates in FFA, but highlighted 
the limited work done in Australia (Kuczera and Frank 2016). This objective seeks to explore the 
potential of using SWDs as archives of extreme flood in the region. Understanding the opportunities 
and challenges of working in a subtropical environ, beyond the arid settings where palaeoflood 
studies are traditionally conducted is key to achieving this objective. 
1.2.3 Objective 3 
The combination of systematic, historical (documentary) and palaeoflood data sources used to 
extend extreme flood records has not been examined in Australia. While available documentary 
data of extreme floods are increasingly integrated into FFA, the time scale extension is limited 
largely to post-European arrival in Australia (~ 150 years in Queensland) and spatially they are 
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limited to a few early settlement towns (e.g. Brisbane, Ipswich, Maryborough, Gympie). This 
objective seeks to reduce the uncertainty associated with the discharge estimation of the design 
flood through the use of longer temporal record length with palaeoflood records, and as such 
improve discharge quantile estimates. 
1.2.4 Objective 4 
In Eastern Australia it has been shown that flood exceedance probability changes depending on El 
Niño Southern Oscillation (ENSO) and its modulation by the Interdecadal Pacific Oscillation (IPO) 
(Kiem and Verdon-Kidd 2013). Associated with this climatic variability are changes in magnitude 
and frequency of cyclone activities that may lead to elevated presence and intensity of storms and 
floods. Using systematic records to illustrate different flood ratios between the negative and positive 
phases of IPO, Micevski et al. (2006) noted SEQ as having a flood ratio 1.7 times greater during the 
negative IPO phase. Udy (2014) illustrated that contemporary extreme flood events in SEQ are 
primarily associated with tropical weather systems, namely, monsoonal lows, tropical cyclones and 
tropical low, which are also associated with varying ENSO and IPO phases. Building on these 
findings, this objective seeks to understand the impacts of climatic drivers on extreme flood events. 
1.2.5 Objective 5 
Palaeoflood hydrology and palaeoflood records are increasingly applied in flood frequency analysis 
and dam design in many parts of the world. The benefits of palaeoflood hydrology in providing key 
information to high magnitude floods are increasingly apparent. At a basic level, palaeoflood 
records improve estimates of flood frequency and magnitude. This helps to generate an improved 
dataset for assessing flood hazards and mitigation plans. Also, it provides checks for existing flood-
related mitigation policies and infrastructures.  
Importantly, magnitude and frequency of palaeoflood events help improve the estimate of 
return periods (i.e. AEP and ARI) of extreme events (England et al. 2010). This has significant 
implications for estimating the ‘likelihood’ component of flood risk assessment. However, there 
remains a lack of any formal framework for the recognition and integration of palaeoflood 
hydrology into flood risk management in Australia. This objective seeks to understand the 
contemporary challenges of flood risk management in Australia and other parts of the world and 
provide recommendations to alleviate these challenges. 
1.3 Thesis Structure 
The overview of the thesis and its structural organisation is summarised in Fig. 2. At the time of 
submission, Chapter 2 is published in Stochastic Environmental Research and Risk Assessment 
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(Lam et al. 2016); Chapter 3 summarises a paper which is now resubmitted after minor revisions for 
publication in Geomorphology (Lam et al., submitted); Chapter 4 is published in Water Resources 
Research (Lam et al. 2017) and Chapter 5 is submitted for publication in Hydrological Sciences 
Journal (Lam et al., submitted). Chapter 6 represents a synthesis of major conclusions from this 
thesis as a whole and recommendations for future work. 
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Figure 2. Conceptual model of thesis.
10 
CHAPTER 2:  
Improving At-Site Flood Frequency Analysis With Additional Spatial 
Information – A Probabilistic Regional Envelope Curve Approach 
 
 
Chapter 2 is published in Stochastic Environment Research and Risk Assessment; doi 
10.1007/s00477-016-1303-x 
 
 
Summary  
This chapter investigate the potential of integrating adding spatial extreme flood information to at-
site flood frequency analysis. 
Highlights 
 This work produces the first Australian hydrological Envelope Curve using records from 
2669 gauges across Australia. 
 A working definition for extreme flood is derived for consistency for this thesis. 
 This study suggests that integrating spatial extreme flood information  can enhance the 
upper tail end distribution of at-site flood frequency analysis for gauges with little, no or an 
excess of extreme discharge records. 
 The effect of short gauging records for frequency analysis is exemplified with gauges less 
than 60 years of records showing changes to with the integration of spatial flood 
information. 
 A decision making flow chart is provided to access when this method will be the most 
useful. 
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Abstract: 
Extreme flood events have detrimental effects on society, the economy and the environment. 
Widespread flooding across South East Queensland in 2011 and 2013 resulted in the loss of lives 
and significant cost to the economy. In this region, flood risk planning and the use of traditional 
flood frequency analysis (FFA) to estimate both the magnitude and frequency of the 1-in-100 year 
flood is severely limited by short gauging station records. On average, these records are 42 years in 
Eastern Australia and many have a poor representation of extreme flood events. The major aim of 
this study is to test the application of an alternative method to estimate flood frequency in the form 
of the Probabilistic Regional Envelope Curve (PREC) approach which integrates additional spatial 
information of extreme flood events. In order to better define and constrain a working definition of 
an extreme flood, an Australian Envelope Curve is also produced from available gauging station 
data. Results indicate that the PREC method shows significant changes to the larger recurrence 
intervals (≥ 100year) in gauges with either too few, or too many, extreme flood events. A decision 
making process is provided to ascertain when this method is preferable for FFA. 
 
 
Key Words: Extreme event; Flood Frequency Analysis, Probabilistic Regional Envelope Curve, 
Australian Envelope Curve, Extreme Flood, Eastern Australia  
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2.1 Introduction 
Flooding is one of the most devastating hazards to life, the economy and infrastructure in many 
parts of the world. Average global ﬂood-related costs are expected to increase nine-fold from US$6 
billion in 2005 to US$52 billion by 2050 (Hallegette et al. 2013). In Australia, floods are the most 
expensive natural hazard, costing an average of A$377 million per annum (Middlemann-Fernandes 
2009).  In the last few years, Southeast Queensland (SEQ)has experienced a number of rare flood 
events including the floods of 2011 and 2013. The damage left by the flood in 2011 cost the 
Australian economy an estimated A$30 billion (Australian Government 2015). Better understanding 
of the frequency and magnitude of such ‘extreme’ flood events is needed to evaluate flood risk and 
guide future planning (Croke et al. 2013). 
Currently in Australia, the 1-in-100 year flood is commonly used as the design flood in 
planning processes (Wenger et al. 2013) and is often invoked as the threshold discharge to describe 
a rare or extreme flood (e.g. Thompson and Croke 2013). It represents the Average Recurrence 
Interval (ARI), expressed as a statistical estimate of the average period in years, between the 
occurrences of a flood of a given size. It is derived from the Annual Exceedance Probability (AEP) 
such that an event with a 1% AEP is equivalent to a 100-year ARI event. ARI or AEP are statistical 
benchmarks used for flood comparison (Middleman et al. 2001; Engineers Australia 2015) 
however, for high magnitude and infrequent events they are highly dependent on record length and 
the nature or variability of events recorded. Other terminology and definitions used to describe 
extreme floods include ‘great floods’ by Levy and Hall (2005) for events with discharge exceeding 
1% AEP in catchments greater than 200,000 km
2
. Erskine (1993) defined a catastrophic flood as 
having an event peak discharge to mean annual flood peak discharge ratio > 10, but this is for post 
event evaluation and reliant on record length. For these definitions, the events are rare within the 
record (Enzel et al. 1993; Benito et al. 2004). To a broader extent, IPCC (2001) define an extreme 
event as an ‘event that is rare within its statistical reference distribution at a particular place and an 
extreme weather event that is as, or rarer, than the 90th percentile’. 
An alternative method of determining an extreme flood is based on a graphical representation 
of flood magnitude plotted against catchment area and constructing an Envelope Curve (EC) above 
the highest plotting points (Creager 1939). Costa’s (1987) world EC has become a benchmark 
against which to compare all rainfall-runoff floods (e.g. Wohl et al. 1994; Nott and Price 1999; 
Oguchi et al. 2001; Ruin et al. 2008; Gaume et al. 2009; Croke et al. 2013). Various methods have 
been devised for interpolating the EC. For example, one method is to select the individual highest 
observed river stages or discharges (i.e. Floods of Record) and applying a least squares regression 
equation (e.g. Herschy 2002) across them. However, this method is highly dependent on available 
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records, hence bias to flood records selected. Additionally, linear regression methods do not 
envelope all plotted flood records. Other studies have also indicated that different climatic regions 
may have different upper limits to flood magnitude (e.g. Gaume et al. 2009; Padi et al. 2011) hence 
the world EC may over predict the upper limit of flood magnitude in many locations. RECs are 
constructed to capture national or regional climatic characteristics to estimate extreme flood 
magnitude (Enzel et al. 1993). This paper examines the application of an Australia Envelope Curve 
(AEC) for defining an extreme event which can be used to evaluate the distribution of flood events 
recorded at a gauge. 
The AEP, and hence ARI, have traditionally been derived by flood frequency analysis applied 
to a continuous set of systematic records of annual maximum discharge series. In ungauged and 
poorly gauged catchments, Regional Flood Frequency Analysis (RFFA) is usually applied. This 
incorporates data from a set of stations with similar hydrological and climatic characteristics 
(homogenous regions). In Australia, design floods for engineering and planning purposes are 
typically based on flood records. These are typically derived from software such as TUFLOW 
(Syme and Apelt 1990), NLFIT (Kuczera 1994) and FLIKE (Kuczera 1999) which incorporate 
discharge records with various other input parameters including rainfall data and catchment 
characteristics. FLIKE, for example, performs a Bayesian-type FFA using gauge records and 
supports many commonly used flood distributions (Micevski et al. 2003). The key assumption of 
these analyses is that the set of systematic records captures a good spectrum of flood magnitudes. 
However, this assumption is rarely met in short gauging records, thus decreasing the likelihood of 
capturing extreme events. 
Different probability distributions and parameter estimations method are used in FFA with the 
Log Pearson type III (PE3), Generalised Extreme Values (GEV) and the Generalised Pareto (GPA) 
Distributions most commonly used in Australia. Recently, Rahman et al. (2015) reviewed the 
Wakeby distribution that can take four or five parameters, more than most of the others which 
typically uses three or less. The use of more parameters can lead to a better fitting of the flood 
records but it is noted that it may not be applicable to stations with short record lengths (Rahman et 
al. 2015). 
Alternatives to the use of gauge discharge records are rainfall-based techniques, such as 
Design Event Approach (DEA) which is commonly used in Australia (Mirfenderesk et al. 2013). 
This method translates the ARI for a given rainfall input to a similar ARI for a flood output by 
considering the probabilistic nature of rainfall depth but, no other model inputs, which can lead to 
bias in ARI derivation (Caballero and Rahman 2014).  More recently, a Monte Carlo simulation 
method, known as the Joint Probability Approach (JPA), has been developed to address this 
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shortcoming. The JPA allows for a design flood to be generated by a variety of hydrological inputs. 
This method has shown to be a theoretically superior method of design flood estimation than the 
DEA and appropriate for the ARI up to 100 years (Rahman et al. 2002). The use of rainfall-based 
techniques such as the DEA and JPA are useful if floods are predominately caused by heavy rain 
events as it is a direct translation of rainfall to flood discharge. 
In contrast to event-based approaches, using either gauge records or rainfall records, another 
alternative method to estimate design flood recurrence intervals is the use of continuous simulation. 
Developed from a need for longer records, the continuous simulation method is noted by Boughton 
and Droop (2003) to be reliable for 2-10 year ARI events whereas the rainfall-runoff methods are 
more reliable for larger events. 
Determining a comprehensive gauge record is problematic when i) only relatively short 
gauging records are available, ii) there remains a lack of extreme events within these records, and 
iii) subtropical climates present high hydrological variability. It is widely accepted that short 
gauging station records are less likely to capture the full range of likely flood magnitudes. The 
effect of short records was evident at Spring Bluff gauge (#143219A) in Southeast Queensland 
(SEQ) which recorded the 2011 flood in the Lockyer Valley. It had a record length of 26y prior to 
the 2011 flood. Using the annual flood series up to 2010, the ARI of the 2011 flood was 2000 year 
(Thompson and Croke 2013). Three more years of flood data (including the 2011 and 2013 floods) 
incorporated into the annual flood series results in an ARI of 55 year (Sargood et al. 2015). The 
question therefore is: how to determine whether records at a gauge or a homogenous region capture 
a wide enough distribution of events, including extreme events? These have a direct impact on 
accuracy of extrapolated and predicted extreme flood events. 
A method to improve extreme flood information at-site is the Probabilistic Regional Envelope 
Curves (PREC) method (e.g. Castellarin et al. 2005; Castellarin et al. 2007; Guse et al. 2009; Guse 
et al. 2010b). The method uses homogenous regions to provide additional extreme discharge 
information to the existing gauged record, but unlike the RFFA, the PREC method only 
incorporates the extreme events. The PREC method assigns an exceedance probability to the REC, 
where its inverse, i.e. recurrence interval, is derived with a paired PREC discharge. Guse et al 
(2010a) have developed a method to integrate PRECs into distribution functions to improve 
traditional FFA. 
In this study, the PREC method is applied to data from a subtropical region of eastern 
Australia which has predominantly short gauging records (~30 year). The method is compared with 
the traditional FFA. An Australian REC developed using an objective statistical method is then used 
to provide a measure of robustness to the PREC method. 
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2.2 Study Area 
The Southeast corner of Queensland encompasses two natural resource management regions, 
namely Southeast Queensland Region and Wide Bay Burnett Region. This region is bounded by the 
Great Dividing Range to the West and drains east to the Pacific Ocean (Fig. 3). This region is 
dominated by Paleozoic and Mesozoic-paleozoic age geology (Blewett et al. 2012) and is 
considered tectonically stable currently. The region covers an area of almost 77,000 km
2
 with 
average daily temperatures ranging from 6 to 27°C and mean annual rainfall ranging between 650 – 
2850 mm (Bureau of Meteorology (BoM) Australia 2015).  It is made up of 14 catchments (11 on 
mainland) (Table 1) and includes the major rivers of the Brisbane, Mary and Burnett which flow 
past major agricultural towns. The cities of Brisbane, Maryborough, and Bundaberg are situated at 
their respective river mouths (Fig. 3). 
This region has a subtropical climate with no distinct dry season under the Köppen 
classification and it has a wet summer and a low winter rainfall seasonal rainfall classification 
(BoM Australia Online). Cyclones that develop over the warm waters off the North and Northeast 
coast of Queensland do occasionally move inland and southwards into this region and result in 
devastating storms. The east coast lows that bring about intense rainfall occasionally affect the 
southern part of the region (BoM 2015). 
This is a region of high hydrological variability as characterised by the high Flash Flood 
Magnitude Index (FFMI), which is the log of Standard Deviation of the Annual Maximum Series 
(AMS), compared to the wet tropics and temperate regions of the east coast of Australia (Rustomji 
et al. 2009). 
  
16 
Table 1. Catchments of Study Area 
Catchment Area (Km
2
) Population No. of Gauge with ≥ 100year of records 
   Gauges Gauge Years 
Baffle 4,084.7 - 2   
Brisbane 13,541.7 1533367 85 143001A,B,C 
106 
(combined) 
Burnett 33,195.4 138836 57 136002A,B,C,D 
103 
(combined) 
Burrum 3,371.7 56350 10   
Kolan 2,904.5 - 7   
Logan-Albert 4,149.8 318693 32   
Maroochy 1,535.0 247185 13   
Mary 9,465.8 93411 35 138001A 106 
    138002A,B,C 102 
Noosa 1,952.2 88689 1   
Pine 1,484.4 422500 12   
South Coast 1,303.9 560266 15   
Total 76,989.1 3459297 269   
 
The region has a total of 269 closed and open gauging stations with on average 30 years of gauging 
records. One station has remained open for 106 years (Miva Station #138001A, Mary catchment) 
and four stations have just over 100 years of record when combining closed and open stations 
(Table 1). 
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Figure 3. Area of Study - (A) Distribution of gauging stations used for the Australian Envelope Curve. 
Southeast Queensland, Australia (orange outline).  (B) The locations of major catchments (demarcated by 
black outlines) and their main rivers (blues) and the distribution of gauging stations used in this study. 
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2.3 Methods 
This section describes the derivation of an Australia Envelope Curve (AEC), the construction of the 
PRECs (Castellarin et al. 2005) and the integration of spatial extreme flood information (i.e. PREC 
flood quantiles) into an improved flood series for gauging stations under study (Guse et al. 2010a). 
A total of 91 gauging stations with at least 30 years of records (combined both closed and open 
stations) are investigated. 
2.3.1 AEC 
A total of 2669 maximum discharge records from open and closed gauging stations were compiled 
from six climate zones (Köppen classification) throughout Australia (Fig. 1A and Table 1). To 
create an objective and statistically robust EC, non-linear quantile regression analysis was 
conducted which uses log-transformed peak discharge (m
3
s
-1
) and catchment area (A km
2
) of all the 
gauging stations. An optimisation function produces the best-fit line of the 99.99
th
 quantile and this 
was applied using the ‘quantreq’ R package v5.19 (Koener 2015). The equation and the parameters 
of the exponential curve for the upper limit discharge are, 
  
    
(  
   ((     ))
    
)
          (1) 
where Q is log-transformed discharge, A is the log-transformed catchment area, and the model 
parameters are asymptote (Asym), mid-point (mid) and scale (scal). Asym is the asymptote value, 
mid is the inflection point of the curve, and scal is the scale parameter.  
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Table 2. Summary of gauging stations information used to derive the Australian Envelope Curve 
 
No. of 
stations 
Average 
stations' record 
length 
Data source 
Data end 
period 
Australia 2669 35 
  
Queensland 951 28 QLD, DNRM Dec-13 
Western Australia 456 35 WA, Department of Water Dec-13 
Northern Territory 203 28 NT, Department of LRM Aug-13 
Victoria 483 50 VIC, DEPI Feb-15 
South Australia 137 25 SA, DEWNR Feb-14 
New South Wales 423 44 NSW, DEPI Dec-13 
Tasmania 12 48 BoM Dec-13 
ACT 4 56   ACTEW Jan-15 
2.3.2 Derivation of an extreme event 
The majority of gauging stations have short record lengths and potentially high uncertainty 
associated with small % Annual Exceedance Probability (AEP) events. The 1% AEP discharge 
estimates of the four stations (Table 1) with the longest record length (>100year) were used to 
compare against the AEC to determine a suitable quantile to define an extreme event. 
2.3.3 Construction of empirical PREC 
The Probabilistic Regional Envelope Curves (PREC) method (Fig. 4) was first developed by 
Castellarin et al. (2005), and later applied by Castellarin (2007) to Italian catchments and Guse et al 
(2009) and Guse et al. (2010b) to catchments in Germany. It is based on the well-known index 
flood approach (Dalrymple 1960) which requires the identification of homogenous regions for sites, 
and the relationship between a given flood discharge and the recurrence interval (i.e. the growth 
curve) can be produced (Castellarin et al. 2001). As such, a PREC can only be constructed if a 
region is considered homogenous. The mean AMS is used as the index flood in this approach. It 
attempts to substitute extreme flood information from the homogenous region into a site’s AMS 
records to produce estimated exceedance probabilities and the recurrence interval for a given flood 
discharge. 
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Figure 4. Summary of PREC derivation and integration to flood series. 
2.3.3.1 Formulation of candidate sets of catchment descriptors 
Homogenous regions are defined by sets of catchment descriptors which consist of hydroclimatic, 
geophysical and infiltration properties (Table 3).  Individual contributing upstream catchment areas 
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of respective gauging stations are first produced using hydrological datasets from the Australian 
Hydrological Geospatial Fabric (Geofabric). Geospatial hydrological data for the region was created 
and the catchment areas were subsequently generated with Geofabric’s Sample Toolset v1.5.0 for 
ArcGIS tools (BoM 2015). 
Daily rainfall data from January 1889 to April 2015 of 215 rainfall stations was used for the 
hydro-climatic descriptors. Ordinary kriging was performed to interpolate each of these five hydro-
climatic descriptors (Table 3) and the mean values of each catchment area are derived. Geophysical 
descriptors are derived from a 25m Digital Elevation Models (DEM) of the region. Landuse 
groupings was categorised as either arable or built-up areas. Arable land includes natural 
vegetation, agricultural and grazing land. Mining occupied < 1.3% of the region and therefore not 
included in the analysis. 
Table 3. Catchment descriptors used in this paper, modified from Guse et al 2010b 
Category Descriptors Code Data Source 
Hydro-
climatic 
Mean of annual total rainfall (mm) TRF SILO (Scientific 
Information for Land 
Owners) database,  
Department of Science, 
Information Technology 
and Innovation (DSITI), 
Queensland Government 
 Mean of annual maximum series (mm) AMS 
 Maximum total five days rainfall,   RF5D 
 Maximum daily rainfall (mm) MRF 
 Number of days in a year with rainfall 
greater than 50mm 
RF50mm 
Geophysical Elevation (m) Elevation Queensland database, 
 https://data.qld.gov.au/  Range of elevation, normalised against 
catchment area (10
-3
m
-1
) 
Range 
 Slope (%) Slope 
Infiltration 
properties 
Arable (%) Arable Queensland Land Use 
Mapping Program 
(QLUMP), Queensland 
Government 
 Built-up Area (%) Built 
 
The derived values of the descriptors for each of the stations’ catchment are used as predicator 
variables of homogenous regions standardised with Z-scores. All negative correlations to the index 
flood are converted to positive so the values can be combined and a positive correlation can be 
made with the index flood. Similar to Guse et al. (2010b) all possible subsets with up to three 
descriptors are first produced by summing up the values and a correlation analysis is performed and 
values of at least 0.6 between a subset and the unit index flood is the criteria to retain the subset. A 
total of six candidate subsets remained (Table 4). A check for multi-collinearity between the 
candidate subsets is done using the Variance Inflation Factor formula (Hirsch et al. 1992). All six 
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subsets had values of less than two, which are well below the most common rule-of-thumb values 
of 10 (O’Brien 2007) and therefore are all included in the analysis. 
Table 4. subset of catchment descriptors and the correlation coefficient (>0.60) to the unit index flood of all 
the gauging stations 
Subset Descriptor 1 Descriptor 2 Descriptor 3 Correlation 
1 range AMS arable 0.64 
2 range AMS built 0.64 
3 range TRF arable 0.65 
4 range TRF built 0.65 
5 range RF50mm arable 0.66 
6 range RF50mm built 0.66 
2.3.3.2 Construct homogenous regions using the Region of Influence 
The Region of Influence approach (Burn 1990) is used to construct the homogenous regions. 
Stations with similar physiographical characteristics based on their Euclidean Distance between the 
site of interest and each of the other sites are grouped together (pooling groups). Using the nsRFA 
package (Viglione, 2014) in R, homogenous groups are formed by pooling the nearest station (i.e. 
lowest Euclidean Distance) to the station of interest. The next nearest station is added until the limit 
of the homogeneity (in this case set at 2) is reached.  Homogeneity limit is based on the 
Heterogeneity test (Hosking and Wallis 1993) and values greater than 2 are considered 
heterogeneous. The process is repeated for all gauging stations and each candidate subsets derived 
in previous step. 
2.3.3.3 Deriving PREC slope and intercept 
A linear REC is produced for each of the homogenous pooling groups. Maximum discharge records 
of all the stations in each group are normalised and related to catchment area (A) in a double-log 
scale. The equation of the REC is defined as (Castellarin et al. 2005), 
 ALogba
A
Q
Log FoR *
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



                         (2) 
Where slope b is the linear regression of the unit index flood against A, and the intercept a is 
achieved by a parallel upshift of the regression line to envelope all unit maximum Qs. Regional 
EC’s were derived for all groups with at least four stations to improve the representativeness of the 
linear regression using the pREC package (Castellarin et al. 2013) in R. Nine stations were removed 
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as they did not form any homogenous regions with at least three other stations and they could not 
form at least one regional EC. 
2.3.3.4 Estimating PREC recurrence interval 
An exceedance probability, the inverse of the recurrence interval of the PREC, is assigned to each 
data pair of unit maximum Q and A. The overall sample years of the AMS of all stations in a given 
homogeneous region is used to estimate the recurrence interval (Castellarin et al. 2005). To 
overcome cross-correlation and overlap in flood information in the AMS of the stations, the number 
of effective sampling years of data is calculated. This is determined by first deriving a regional 
cross-correlation coefficient function (equation 3, Castellarin (2007)) where optimisation is 
achieved for each station pair (i,j) using the distances between catchment centroids (d) and 
correlation coefficients between the AMS (λ). The effective sampling year is then calculated using 
Equation 4 (Castellarin 2007). The Hazen plotting position (Stedinger et al. 1993) is used to 
determine the recurrence interval TPREC (equation 5) following the methods of Castellarin (2007). 
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A recurrence interval (TPREC) is assigned to each PREC while each station in the homogeneous 
region will have a discharge (QPREC) associated with the catchment size. For each station, PREC 
flood quantiles (paired values of TPREC and QPREC) from all the PREC realisations are derived. 
However, flood quantiles that are more than three times larger from the same TPREC estimated by the 
index flood method are removed because they are deemed to have high performance error (Guse et 
al. 2010a) and as a result two stations were excluded.  
eff
PREC n
T
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2.3.4 Integration of PREC flood quantiles 
Probabilistic Regional Envelope Curves (PREC) flood quantiles are integrated into a synthetic 
AMS of a gauging station based on the method proposed by Guse et al (2010a) and outlined in 
Figure 2. A suitable parent distribution is first selected and the lower (Tl) and upper (Tu) TPREC are 
determined from the range of TPREC derived in previous steps. Thereafter, a synthetic flood series is 
produced where the PREC flood quantiles are inserted. 
2.3.4.1 Selecting a parent distribution for the flood series  
A parent distribution for the flood series is required for curve fitting of individual stations.  A L-
moment ratio diagram is used to determine the most suitable parent distribution (Peel et al. 2001). 
This has shown to be an appropriate indication of a distribution that describes the regional data 
(Vogel and Wilson 1996). Distribution types evaluated here are: GEV, GPA, PE3, Generalised 
Normal (GNO) and Generalised Logistic (GLO). Once the appropriate distribution type is 
determined, the observed AMS of each station is fitted to the distribution. 
2.3.4.2 Derive synthetic flood series 
A synthetic AMS is derived for the incorporation of PREC flood quantiles as it was not possible to 
add a QPREC directly to the AMS (Guse et al. 2010a). Each station’s synthetic flood series is 
generated with the three parent distribution parameters (ξ, α, κ). Tu Random numbers between 0 to 1 
(Psim) are generated for this set. The total number is determined at Tu to provide a data series that 
extends over 1000 values and also this was the maximum of the TPREC for the region. This allows 
for the derivation of the synthetic flood series. The random generation of the Psim numbers are 
repeated until a difference of less than 1% in the Q value of Tu is achieved. This is to ensure 
consistency between the observed and simulated distribution (see Guse et al. 2010a). 
In addition, a binomial function is calculated to estimate the number of T > Tl floods that are 
expected to occur within Tu years.  The largest probability range of 4-5 floods are used as the 
number of floods that will be substituted from the synthetic flood series values. The substitution 
requires these 4-5 values to have exceedance probability (PE) greater than the (1 - 
 
 
) for 
representations of T > Tl years. 
2.3.4.3 Integrating PREC into the simulated flood series 
To integrate the Probabilistic Regional Envelope Curves (PREC) flood quantiles into the simulated 
series, 4-5 Q values of the synthetic series that are larger than the PE are replaced by the QPREC 
values. Taking into account that a larger TPREC has a lower chance of occurring than a smaller TPREC, 
a binomial function is used to consider the mean occurrence of a specific QPREC with a recurrence 
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interval within Tu years. A vector, VPREC, is generated with PREC Qs assigned the number of times 
that it has the largest probability of occurring (see Guse et al. 2010a). This leads to PREC Qs with 
higher TPREC assigned less often to the vector.  The replacements of the QPREC values are randomly 
chosen without replacement from this vector. In the case where there are less than 4-5 values in the 
vector, the removed values are randomly chosen and reinserted. This ensures that the new series has 
Tu values again. Using L-moments, a new distribution can be fitted to the new flood series. The 
random process of selecting the PREC Qs implies that the upper-tail end of change can be 
significantly different depending on the randomly selected 4-5 values.  As such, the process of 
random selection and substitution is repeated 100 times and the distribution parameter set that 
estimated the median Q for T=1000 was used. 
2.4 Results 
2.4.1 Australia Envelope Curve 
The updated world Envelope Curve (EC) (Li et al. 2013) encapsulates the maximum recorded 
discharge values for Australia (Fig. 5). The Australian Envelope Curve (AEC) displays an upper 
catchment area limit to its applicability based on the K index of Francou and Rodier (1967) which is 
used to assess if a flood is larger than others across different catchment areas. K values should 
increase with catchment size up until a maximum before it decreases. A sharp drop in K values 
occurs from 130,000 km
2
 and these relate to 15 gauging stations in two of Australia’s largest and 
driest basins: Murray Darling Basin (11 stations) and Lake Eyre basin (4). 
Separating the data set into different climatic regions based on the Köppen classification 
showed that the records from the temperate and equatorial region plot well below the AEC. Records 
from subtropical gauges showed a very similar curve to that of the AEC, as do the curves for 
tropical and grassland climatic regions. As such, the AEC is used to show the existing empirical 
limits of discharge records for the area of study. 
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Figure 5. Comparing the World Envelope Curve and climate-segregated maximum recorded discharges from 
Australia gauging stations. 
The non-linear quantile regression of the 99.99th quantile produced an AEC (Fig. 6) which 
encapsulates all the 2669 gauging stations’ maximum gauged discharge. It is clear that using this 
method produces an EC that takes into consideration all available maximum records and provides a 
closer envelope fit than the world EC. However, there is still divergence between the largest 
catchment area and the AEC. The function for the AEC is, 
          ( )     
[
    
     (
        ( ) 
    
)
]
                      (6) 
Where x is the catchment area, and the derived parameters are Asym = 4.825, mid = 0.749 and 
scal = 1.431. 
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Figure 6. A non-linear quantile regression derived envelope curve for Australia. 
2.4.2 Extreme Floods 
The estimated discharges of 1% Annual Exceedance Probability (AEP) of the four gauging stations 
with the longest (over 100 year) records were used to find the nearest AEC quantile. The nearest 
quantile values within 1% error to the discharge value of the respective 1% AEPs’ estimated 
discharges are 96, 82, 91.5 and 90.1 respectively. As a result, the average value, i.e. the 90
th
 percent 
quantile is used as the definition of an extreme discharge event for this paper. The decision to use 
this quantile is further supported by IPCC definition of extreme events mentioned previously.  
 
The 90
th
 quantile nonlinear regression equation is, 
       ( )     
[
    
     (
         ( ) 
    
)
]
                      (7) 
 
Using the definition of the 90
th
 quantile of the Australian Envelope Curve (AEC)  as the 
minimum benchmark to define an extreme event (Fig. 7), 56% of gauges have not captured an 
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extreme event in their record period. For these stations, incorporation of additional flood records is 
critical for improving Flood Frequency analysis (FFA). 
 
Figure 7. Curve defining an extreme event based on the non-linear 90th quantile regression. Points above the 
curve indicate gauging stations that have recorded an extreme event. 
2.4.3 Homogenous Regions for PREC 
Defining homogenous regions is a prerequisite for expanding gauge flood records.  Fig. 8 shows the 
distribution of gauging stations and their homogeneity with other gauges in the region. Gauges with 
higher homogeneity have greater number of other gauges that can form homogenous regions and 
therefore have greater potential of improving flood records. Many of the gauges in the Burnett and 
Logan-Albert catchments have high homogeneity while in the Mary few gauges have comparatively 
similar physiographical characteristics. 
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Figure 8. Extent of homogeneity of physiographical characteristics between the gauges in the Region. HR 
represents the number of gauges in the region that are homogenous to a gauge. 
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2.4.4 Integrating PREC 
The integration of PREC flood quantiles into gauge records first requires the derivation of the upper 
and lower limits of TPREC and the determination of the parent distribution function (Fig. 4). The 
range of TPREC derived from estimating the PREC recurrence interval is 243 to 1311 therefore Tl and 
Tu are determined as 243 and 1311 respectively for the integration of PREC flood quantiles. 
2.4.5 Parent Distribution 
Based on an L-moment ratio diagram (Fig.9), the GPA Distribution was selected as the most 
suitable distribution function to fit the flood series. This was also found as the most suitable 
distribution in other studies investigating Australia’s flood frequency analysis (Rahman et al. 2013; 
Rustomji et al. 2009). 
 
Figure 9. L-moment ratio diagram of the Annual Maximum Series for the study region Generalised Extreme 
Value (GEV), Generalised Logistic (GLO), Generalised Normal (GNO), Generalised Pareto (GPA), Log 
Pearson type III (PE3) distributions. 
2.4.6 FFA supplemented by PREC 
Based on the pooled flood records from homogenous regions, PREC flood quantiles were generated 
for 80 gauging stations and integrated into flood frequency analysis to produce new curves of flood 
peak discharge regressed against ARI. Three general outcomes were observed based on comparison 
between the methods: (1) no change to the predicted ARI (< 5% difference for 42% of stations, Fig. 
10A), (2) a positive shift in ARI for a given discharge (29% of stations, Fig. 10B) and, (3) a 
negative shift ARI for a given discharge (29% of stations, Fig. 10C). A positive change in ARI 
indicates that for a given flood peak, for example 14000 m
3
s
-1
  (Fig. 10B) the FFA predicted ARI of 
300 year shifts upwards to 500 year based on PREC  prediction. Hence, the predicted probability of 
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an occurrence of a 14000 m
3
s
-1
 peak magnitude flood has decreased or becomes less likely. A 
negative change in ARI indicates that for a given flood peak, for example 7000 m
3
s
-1
 (Fig. 10C) the 
FFA predicted ARI of 1000 year shifts downwards to 600 year based on PREC prediction. Hence, 
the predicted probability of an occurrence of a 7000 m
3
s
-1
 peak magnitude flood has increased or 
becomes more likely. Overall, the results show ~ 60% of the stations have > 5% change in the 
estimated discharge between the traditional FFA and the PREC method. 
The degree of difference in predicted flood magnitude between the methods for a given ARI  
increases with increasing ARI and the number of gauging stations that exhibit change also increases 
(Table 5). However, the maximum change in predicted flood magnitude asymptotes at 150% of the 
discharge predicted by FFA for 1% AEP. In summary, stations with a positive shift in the ARI for a 
given discharge will have a decrease in estimated discharge for a given ARI.  
2.4.6.1 Combining PREC and the AEC 
The non-linear 99.99
th
 and 90
th
 quantile regression can be added to the PREC plots to provide 
context to the distribution of a station’s AMS and determine whether extreme events have been 
captured. The 99.99
th
 and 90
th
 quantiles are the Australian Envelope Curve (AEC) and the minimum 
discharge value that defines an extreme event for the given station respectively (Fig.8). Stations 
with an existing record of extreme events (e.g. Fig. 8A and B), that is events recorded above 90
th
 
quantile, either have no change between traditional FFA and PREC or an increase in ARI  
indicating the event is less likely to happen.  In both of these examples, the PREC curve intersects 
the AEC at ~1% AEP interval. Gauging stations which have not recorded an extreme event (e.g. 
Fig. 10C) have decreases in ARI for a given discharge based on the PREC. Similarly, the intercept 
with the AEC decreases towards 1% AEP for the PREC. 
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Figure 10. Representative PREC method plots illustrating the three possible results of integrating the PREC 
into the FFA to determine ARI: (A) no change in ARI (e.g., Helidon station), (B) positive shift in ARI (e.g., 
Eidsvold Station) and (C) negative shift in ARI (e.g., Stonelands Station). 
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Table 5. Summary of station results in estimated discharge between PREC method and traditional FFA 
Change in predicted 
flood magnitude 
between FFA and PREC 
method 
100 Year ARI 1000 Year ARI 
% of 
Stations 
Max. %  
change 
% of 
Stations 
Max. % 
change 
Decrease  29 23 36 39 
Increase  29 25 38 50 
No change ( ≤ 5% ) 42  26  
  
2.4.6.2 Spatial variability in prediction between methods 
Fig. 11 shows the relative deviation of change in estimated discharge for 1% AEP. Stations with 
negative values are stations with positive shift in their ARIs but a lower discharge estimated from 
the PREC method. Conversely, stations with positive values have a negative shift in their ARIs and 
a higher estimated discharge. There is no distinct spatial trend for stations which either exhibited no 
change, a positive or negative shift in ARI for a given flood magnitude or a shift in ARI for a given 
flood magnitude. However, from North to South, there is a general transition from stations with 
positive to negative shifts in their ARIs estimation between the two methods. In addition, the 
majority of gauging stations in the Mary Catchment show a positive shift in the ARI based on the 
PREC method.  11 of the 15 stations showed the PREC method estimated discharge for 1% AEP to 
be lower than the FFA derived estimate and the remaining 4 have comparatively low positive 
relative deviations. 
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Figure 11. Percent difference in the flood magnitude for 1% AEP between the FFA and PREC method. 
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2.4.6.3 Effect of gauging station record length 
The greatest variability in prediction between the two methods occurs in stations with the shortest 
record length (Fig. 12).  As record length increases, differences in prediction between both methods 
decrease.  The convergence in prediction between methods falls within 5% (i.e. confidence interval 
for no change) at 60 years. This indicates that for gauging stations with ≥ 60 years of record, the 
more complex PREC method generally does not provide any additional information over the 
simpler FFA method. However, the majority of gauging stations have record lengths shorter than 60 
years. 
 
Figure 12. The percent difference between PREC method and FFA method in predicted flood magnitude for 
1% AEPs. Horizontal dashed lines indicate +/- 5% difference. Dotted lines represent the interpolated 
convergence in prediction between methods.  
2.4.7 Magnitude and frequency of AMS data 
The cumulative frequency distribution of grouped AMS stations from each of the three categories, 
namely i) decrease in ARIs, ii) increase in ARIs and, iii) no change in ARIs, is shown in Fig. 13. 
They are summed to exhibit general trends in the frequency distribution of flood sizes and are 
separated using the 10
th
 percent quantile of the AEC. All three groupings show a general decrease in 
the number of years of AMS data from low to high quantile. This is analogous to the return period 
of estimated discharge values in a typical gauging station. Stations with decreased ARI (e.g. Fig. 
10C) have a higher proportion of lower quantile AMS values and a lower proportion of higher 
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quantile AMS values. The reverse is seen for stations with increasing ARI (e.g. Fig. 10B). ‘Stations 
with no change’ shows a smoother distribution/transition from low to high quantile. 
 
Figure 13. Cumulative Frequency Distribution of AMS data for 3 possible outcome of the PREC FFA. 
In terms of extreme events, stations with negative change to the 1% AEP discharge estimation have 
about four times (1% of total summed AMS against 4%)  more extreme events in the summed AMS 
data compared to stations with positive change. For individual station records, 74% of the stations 
that exhibit a reduced 1% AEP discharge estimate have at least one extreme flood during the record 
period. Of these, 35% have three to six AMS values (i.e. at least three extreme flood events) that 
fulfil the criteria of the extreme flood definition. In contrast, 80% of gauging stations that exhibit an 
increased 1% AEP typically have no extreme floods during the record period. 
2.5 Discussion 
The PREC method as applied in this study is one approach to determining FFA and seeks to provide 
better spatial information on extreme floods. This method informs users of the relative frequency of 
extreme flood events through the integration of extreme flood records from stations within a 
homogenous region. Additional information of extreme events can significantly adjust the 
magnitude of estimated discharge of floods with high return periods. The reluctance of planners to 
move away from the 1% Annual Exceedance Probability (AEP) as the design flood threshold 
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(Babister and Retallick 2011) highlights the need to better understand and improve the upper end 
distribution of the Average Recurrence Interval (ARI). The starting point for this is a clear and 
quantifiable estimate of what constitutes an extreme flood.  
2.5.1 Application and evaluation of the AEC 
The 90
th
 quantile of the Envelope Curve (EC) provides an extreme flood definition that satisfies 
various definitions used in other literature. The non-linear quantile regression method to derive the 
EC provides a better estimate than previous methods using linear regression for Flood of Records 
(FoRs) (e.g. Herschy 2002) or a series of linear best-fit lines to envelope all maximum discharges 
(e.g. Costa 1987; Li et al. 2013).  In addition, the quantile regression method allows for the ‘fit-for-
purpose’ definition of an extreme flood event in this study.  
The Australia Envelope Curve (AEC) produced in this study provides a first-order upper limit 
of flood magnitude based on contemporary gauging records. The Australian EC sits close to, but 
under the updated World EC of Li et al. (2013).  This shows that while the Australian contemporary 
flood record has events that plot close to the World EC, there is still capacity for events 
significantly larger than recorded to date. Maximum flood peak discharges for catchments between 
20 – 130,000 km2, lie close to the EC. However, for catchments outside this range, maximum peak 
flood discharges diverge from the world curve indicating that it may be over-estimating the upper 
limits of flood magnitude and what constitutes an extreme event.  These gauges lie in the lower 
catchments which are in semi-arid to arid regions. Flood producing rain falls in the upper 
catchments and transmission losses through wide floodplains downstream limit flood magnitudes in 
the lower catchment (Knighton and Nanson 1997; Costelloe et al. 2006). 
2.5.2 Application of the PREC method 
With almost 60% and 74% of the stations showing significant changes to the FFA estimate of 1% 
AEP and 1% AEP respectively (Table 5), the use of the Probabilistic Regional Envelope Curves 
(PREC) method has relevance in planning and policy. As a result of the 2011 flood, the Queensland 
Government has allowed the use of different design flood thresholds. However, the 1-in-100 year 
flood remains the typical threshold used (Croke et al. 2013). As the degree of change in the 
estimated flood magnitude increases with the ARI, the uncertainty of higher ARIs increases and 
needs to be addressed.  Flood risk in areas that are deemed outside the 1% AEP flood inundation 
area will potentially be at risk by a 1-in-100 year flood. Conversely, using 1-in-100 year design 
flood in landuse planning and allocation will be affected when the FFA is overestimating the 
discharge. The scale of these problems increases as the magnitude of the ARI used increases. Larger 
ARIs, ≥ 1% AEP are used to evaluate the Population at Risk (PAR) component in the risk 
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assessments of dam design and constructions (DEWS, Queensland 2012). Significant error in the 
FFA derived 1-in-1000 year flood can have devastating effects, especially if the estimated discharge 
of the ARI is grossly underestimated. The dams will not have the necessary capacity to hold the 
water during extreme flood events of such magnitude. A less serious implication results if the ARI 
is overestimated. Resources used in the construction of the dam, as well as the ecological and 
economic costs lost in the construction of the dam can be deemed as unnecessary.  As such there is 
great significance for reducing inaccuracy in extrapolating large return periods of which the PREC 
method has shown to be able to perform in ~74% of the stations for 1% AEP. 
A decision flow chart (Fig. 14) is proposed to facilitate the process of using the PREC method 
for FFA. This flow chart is designed for users who are concerned with the 1% AEP and beyond. 
The estimated ARI of the AEC from the traditional FFA can provide a first order decision if 
PREC method should be used. It is recommended to use the PREC method if the ARI is beyond an 
order of magnitude from the 1-in-1000 year return period. This is because stations with no 
significant change to the ARI tend to have the distribution curve intercepting the AEC at ~ 1000. In 
addition, stations with an increase (decrease) in ARI tend to have the distribution curve shift 
upwards (downwards) towards 1% AEP. Significant deviation can be seen as poor extrapolation and 
prediction of the upper end distribution of the ARIs and the associated estimated discharge. 
Therefore, the use of the PREC method is recommended if a station’s FFA shows the distribution 
curve intercepting the AEC at an ARI that deviates significantly from the 1% AEP. 
A second order decision to recommend the use of the PREC method is if station’s record is 
less than < 60 year.  The additional extreme flood spatial information provided from homogenous 
stations increases when record length is < 60 years.  A further third stage decision can be made 
based on the frequency distribution of the number of extreme events recorded by the station. Based 
on the results, PREC is recommended if extreme events do not make up 1-4 % of the AMS data. 
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Figure 14. Decision Tree for the Application of PREC Method for 1% AEP. 
2.5.3 Evaluation of the PREC method  
The derivation of homogenous regions is critical in the PREC method for the integration of extreme 
flood information. This method has been previously applied in Saxony, Germany (Guse et al. 
2010b) but it differs in the degree of homogeneity of stations (Fig. 8). This highlights the 
physiographical complexity of the study area. The high hydrological variability of this region 
(Rustomji et al. 2009) partly explains this reduced homogeneity between stations. In terms of 
geophysical conditions, the elevation range of the contributing catchments is the only consistent 
predictive variable for forming pooling groups. Generally, stations on higher elevations have better 
homogeneity based on this predictor variable. The greater heterogeneity for stations on lower 
elevations is largely a function of the greater range of catchment area of these stations as this 
variable is normalised against catchment area. As a result of these, there are some stations that do 
not have sufficient or have relatively fewer stations in a homogenous region. One way to overcome 
this is to expand the area of study and incorporate more stations to provide more extreme discharge 
information. 
The consequence of short record lengths, specifically the frequency of extreme events is well 
illustrated in this study. For at-site FFA, gauges with short records “create a most unfavourable 
situation for obtaining accurate estimates of extreme quantiles” (Hosking et al. 1985, p.89). This is 
especially a problem when the return period of interest (e.g. 100 year) is beyond the available gauge 
record length (Adamowski and Feluch 1990). However, this does not necessarily mean that any 
stations with > 60 years records have an accurate estimate of ARIs. Longer records can be made up 
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of periods of enhanced, or reduced, extreme events and as a result distort the estimation of ARI. On 
the other hand, about a quarter of the stations exhibit less than 5% change in the 1% AEP prediction 
even though they have relatively shorter periods of records. One reason for this is that some of these 
stations, with their current records, have a fairly good magnitude and frequency distribution of 
floods.  The lack of significant change can also be partly attributed to stations without any 
significantly larger magnitude flood events from other stations in the homogenous region. This is a 
limitation of all flood regionalisation methods, including the PREC method. 
Contrary to the concern with the lack of extreme flood events in gauging records, some 
stations may have too many extreme events in their records. This is shown by the negative change 
in the 1% AEP’s estimated discharge for about 30% of the stations. The assumption here is that the 
regional spatial information of extreme flood events is a good indication of what the station may 
encounter.  The Mary catchment has over 70% of its stations showing a positive shift in the ARIs. 
Three of these stations (138110, 138111 and 138113) have the most number of floods (six) that 
fulfilled the definition of an extreme event. In addition, all have records of less than 60 years. This 
is an example where the relatively higher number of floods in a short record highlights the complex 
interplay between length of records and the frequency and magnitude distribution of flood records. 
The PREC method, similar to traditional FFA, assumes climate stationarity. The issue of 
climate non-stationarity and the effects on data used for FFA has been subject to critical review 
recently (Ishak et al. 2013). Recommendations include incorporating other flood characteristics 
such as flood volume and flood duration via multivariate analysis and accounting for climate non-
stationarity in FFA. The assumption that flood volume, duration and flood peak belong to the same 
statistical distribution is a key limitation of the multivariate analysis (Vittal et al. 2015). Therefore, 
multivariate FFA and inclusion of climate models to account for non-stationarity increases the 
complexity and uncertainty of FFA beyond the uncertainty associated under climate non-
stationarity (Serinaldi and Kilsby 2015). In Eastern Australia it has been shown AEP changes 
depending on El Niño Southern Oscillation (ENSO) and its modulation by the Interdecadal Pacific 
Oscillation (IPO) (Kiem and Verdon-Kidd 2013), however the temporal scale of climate cyclicity 
(decadal) is less than the scale or ‘horizon’ required for infrastructure and land use planning which 
is generally in the order of 100 years or more. Hence, while the AEP of an event will change from 
year-to-year based on ENSO-IPO phases, a longer term planning horizon of the life of the 
development is required. Furthermore, given the uncertainty of anthropogenic impacts on climate 
and consequently flood magnitude and/or frequency, it is imperative that FFA be sufficiently robust 
to accommodate known climate cyclicity due to ENSO and IPO by incorporating comprehensive 
gauge records into flood series analysis. 
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2.5.4 Further Improvement for Flood Frequency Analysis 
The concept of flood frequency hydrology proposed by Merz and Blöschl (2008a, b) and 
subsequently quantified by Viglione et al. (2013) highlights the combined use of spatial, temporal 
and causal flood information. The PREC method presented here reflects the use of spatial flood 
information (i.e. extreme flood information from gauging stations of homogenous regions).  The 
limitation due to a lack of extreme events, hence uncertainties in the upper limit of flood 
magnitudes, in such a regionalisation method can be addressed with the use of additional temporal 
flood information. In a region where historical records are limited to post-European settlement 
(early-mid 1800s) the potential of paleoflood data can be significant.  
On average, gauge records in Eastern Australia are 42 years long (Rustomji et al. 2009). The 
length of available records is comparatively shorter than in Europe and North America where for 
example, cities in England such as York, and Nottingham have annual records starting from as early 
as the mid-19
th
 century (Macdonald 2012; 2013). For example, in the Midwest United States, 
Villarini et al. (2011) used 196 gauging stations that have at least 75 years of records for flood 
frequency distribution analysis. The consequence of using short records is the high level of 
uncertainty associated with the discharge estimates of design flood with larger return periods 
(Kjeldsen et al. 2014). This study shows that generally the PREC method adds information to FFA 
for records of 60 years or less, but the information is still only being drawn from a relatively short 
time period of similar climatic conditions. As reported above, recent meteorological and climate 
studies have highlighted decadal-scale cyclicity with ENSO (e.g. Power et al. 1999; Kiems and 
Franks 2001) and its modulation by IPO, of which there has been ≤ 2 alternating phases over the 
gauging record period (e.g. Kiems et al. 2003; Verdon et al. 2004; Micevski et al. 2006; Power et al. 
2006). More recently, Vance et al. (2013) have developed a high resolution rainfall proxy for 
subtropical Australia and observed multi-decadal to centennial scale cycles. These studies provide 
plenty of warning that our short temporal gauge records may have only captured part of a limb in a 
longer term cyclical fluctuation (Gregory et al. 2008). 
One well-established method to extend known flood magnitudes is the use of paleoflood 
slackwater deposits (SWDs) (Baker 1987). SWDs are sediments deposited in low energy flow zones 
during extreme floods. Secondly, only more extreme floods can deposit sediment overtop of 
previous deposits. Finally, for discharge estimation it is assumed that the channel capacity has not 
changed over time, nor has the channel bed degraded or aggraded, hence preferred sites are 
associated with bedrock or resistant boundary channels. The method has been applied widely in the 
Northern Hemisphere (e.g. Ely and Baker 1985; Webb et al. 2002; Benito et al. 2003; Thorndycraft 
et al. 2005; Huang et al. 2013). Few studies have applied the SWDs to reconstructing extreme 
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floods in Australia and they are mostly limited to tropical Australia and restricted in bedrock 
settings (e.g. Wohl 1992a, b; Baker and Pickup 1987; Pickup et al. 1988; Gillieson et al. 1991). 
Although these studies found SWDs enveloped by the AEC (Fig. 13), they are deposited by 
discharge estimates greater than the highest recorded from the nearest gauges.  For example, 
discharge estimates for 2 SWD sites found in the Herbert Gorge of 17, 000 m
3
s
-1 
was higher than 
the single outlier value of 15, 335 m
3
s
-1 
 recorded in 1967 (Wohl 1992b). In temperate New South 
Wales (NSW),  Saynor and Erskine (1993) identified SWDs in Fairlight Gorge that are 8m higher 
than the highest recorded peak discharge of 16, 600 m
3
s
-1 
that yield a radiocarbon date of 3756 ± 
72y BP. These paleofloods occurred within the period of ‘modern’ ENSO establishment at ~4000 
BP (Shulmeister and Lees 1995). Results of paleoflood reconstruction from two SWD sites in the 
study region (Fig. 15) show floods of greater stage height and magnitude occurring at 1160 ± 90 
years and 600 ± 60 years within two km downstream of a gauging station (136207A)  in the Burnett 
River catchment (Fig. 3B). The gauge has a 49 year record, with a peak Q of 7600 m
3
s
-1 
recorded 
during an extreme event in 2013. The SWDs were sampled 0.9 m above the debris lines created 
during the 2013 event. The PREC method showed a positive shift of the 1% AEP by 11% from the 
traditional FFA for this station. The two paleofloods reconstructed from SWDs have estimated Qs 
ranging between 8500-9000 m
3
s
-1
. This data can be added to the systematic records and assessed 
with a non-systematic FFA (e.g. Peak Over Threshold method) and PREC. Currently, paleofloods 
are not integrated into FFA, however it is likely that such information will require further 
adjustments to existing ARI estimates. 
 
Figure 15. Relation of the Australian Envelope Curve and the existing and new extreme paleoflood records 
in Australia. 
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2.6 Conclusion 
In recognition of the growing risk of increased flood frequency and magnitude with future climate 
change predictions, this project sought to explore the application of a non-traditional approach to 
estimating Flood Frequency Analysis (FFA) in sub-tropical Australia. A starting point involved the 
construction of an AEC which provides robustness in the definition of an ‘extreme’ event and 
facilitated the assessment of the distribution of events recorded in gauging stations. Comparison 
between the Probabilistic Regional Envelope Curves (PREC) method and the traditional at-site FFA 
showed that the integration of spatial information can better estimate discharges of larger ARIs (≥ 
100 years) in gauges that have no, relatively few, or an excess extreme discharge records in the 
AMS.  For this region, estimations of the frequency of extreme events can be improved. This has 
significant implications for existing flood mitigation approaches that may currently under- or over-
predict flood magnitude for hazard planning. A decision making flow chart is provided to assess 
when the PREC method may be most useful. 
With the use of homogenous spatial information, the PREC method considers a larger scale of 
discharge variability, and partly addresses the concerns with limited temporal records. One key 
limitation of this method is the assumption that the homogenous regions capture a more 
representative distribution of frequency and magnitude of extreme events for the last 100 year. 
Gauges with > 60 years of records generally showed no change between traditional at-site FFA and 
the PREC method in the estimation of the 100 year floods. However, non-stationarity in climate is 
assumed to be accounted for within the relatively short timescale of these systematic records. In line 
with recent concerns about climate non-stationarity, this assumption can be tested with the 
integration of multiple techniques that specifically target the temporal extension of flood records, 
such as SWDs from extreme paleofloods. Further research is advancing the application of SWDs to 
regional estimates of flood limits in Southeast Queensland. 
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CHAPTER 3: 
Beyond the Gorge: Palaeoflood Reconstruction From Slackwater Deposits in a 
Range of Physiographic Settings in Subtropical Australia 
 
 
*The manuscript version of this chapter has been resubmitted after minor revisions from first 
review with Geomorphology 
 
 
Summary  
This chapter details the results of field data collection of palaeoflood records from slackwater 
deposits across 5 basins in South East Queensland.  
 
Highlights 
 This work represents a renewal of the application of palaeoflood hydrology in Australia 
since its initial introduction over 30 years ago. 
 The range of sites in this studies move beyond the constraints of the traditional bedrock 
gorge, showing the potential of the technique to be applied in a much wider array of 
physiographic settings  
 The study explores the potential and challenges of using SWDs in a subtropical environment 
specifically relating to the ability to distinguish flood units in the stratigraphy. 
 Preliminary analysis showed possible synchronicity of high magnitude floods across the 
region with other regional proxies for flood, cyclone and climatic conditions. Tropical 
cyclones have shown to be an important weather system in generating large magnitude 
floods in the region with these synchronous periods of regional floods also coinciding with 
La Niña and negative IPO phases. 
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Abstract 
The application of palaeoflood hydrology in Australia has been limited since its initial introduction 
more than 30 years ago. This study adopts a regional, field-based approach to sampling slackwater 
deposits in a subtropical setting in Southeast Queensland beyond the traditional arid setting. We 
explore the potential and challenges of using sites outside the traditional physiographical setting of 
bedrock gorges. Over 30 flood units were identified across different physiographical settings using 
a range of criteria. Evidence of charcoal-rich layers and palaeosol development assisted in the 
identification and separation of distinct flood units. The OSL-dated flood units are relatively young 
with two-thirds of the samples being < 1000 years old. The elevation of all flood units have resulted 
in estimated minimum discharges greater than the 1% annual exceedance probability. Although 
these are in the same order of gauged flood magnitudes, > 80% of them classified as ‘extreme 
event’.  This study opens up the renewed possibility of applying palaeoflood hydrology to more 
populated parts of Australia where the need for improved estimation of flood frequency and 
magnitude is now urgent in light of several extreme flood events.  Preliminary contributions to 
improve the understanding between high magnitude floods and regional climatic drivers are also 
discussed. Recognised regional extreme floods generally coincide with La Niña and negative IPO 
phases while tropical cyclones appear to be a key weather system in generating such large floods. 
 
Key words: Palaeoflood hydrology, Slackwater deposit, Extreme flood, Flood reconstruction 
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3.1 Introduction 
In recent years numerous flood events have occurred globally which have been described as 
‘catastrophic’ in terms of their magnitude, degree of destruction and the resultant extent of 
mortality. Examples include the 2011 floods across Southeast Asia (UNICEF 2011), the 2013 North 
Indian Floods (Singh et al. 2014), and the 2015-2016 floods in Great Britain and Ireland (HEPEX 
2016). Australia also experienced numerous floods equalling, or exceeding the largest floods on 
record, including the 2011 and 2013 floods across Southeast Queensland (SEQ) (Croke et al. 2016a, 
b). The 2011 flood was the most expensive natural disaster in Australia and cost the economy 
~A$30 billion (Australian Government 2015). Globally, floods now account for almost half of all 
weather-related disasters (CRED 2015). 
One well-recognised limitation in our ability to anticipate the magnitude and frequency of 
these floods is the relatively short length of discharge records which has always been a major 
concern for probabilistic analysis of flood hazards (Benito and Díez-Herrero 2015).  Large floods 
may not have occurred during the short gauging period and in cases where they have, are often not 
recorded accurately due to flood damage and/or destruction (Baker et al. 2002; Benito et al. 2004; 
Thorndycraft et al. 2005).  In data-rich regions, statistical analyses of regional databases have 
reconstructed periods of enhanced flooding in Europe and the USA (Macklin et al. 2006; Hoffmann 
et al. 2008; Harden et al. 2010; Thorndycraft et al. 2012; Benito et al. 2015). But it remains 
challenging to disentangle these records to better inform flood risk planning where specific details 
on individual flood timing and associated increases in discharge are required. 
Non-systematic flood information such as palaeoflood records can provide evidence of past 
extreme flood events and extend the record to provide a better understanding of potential flood 
hazard and risk. Palaeoflood Hydrology (Kochel and Baker 1982) – an interdisciplinary science of 
reconstructing large flood events prior to systematic measurements (Baker 1987) – has significant 
scientific and societal value in flood hazard assessment. slackwater deposits (SWDs) are frequently 
used as a Palaeostage Indicator (PSI) to reconstruct the minimum palaeoflood magnitude (Baker 
2008). SWDs are best preserved in areas away from the main channel flow during high stage events 
(Benito & Thorndycraft 2005) in channels with erosion-resistant boundaries, such as bedrock 
gorges, which provide and maintain slackwater zones. Interpretation of SWDs are also easier in 
narrow valleys rather than broad floodplains due to the greater extent of increase in stage height as 
flood water rises (Baker 1977; Baker et al. 1979). 
Recent reviews (Baker 2006; Baker 2013; Benito and Díez-Herrero 2015) have summarised 
the growing spatial coverage of SWD-PSI studies and more recent work since include additional 
studies in Thailand (Ng et al. 2015), France (Dezileau et al. 2015) and China (e.g. Mao et al 2015; 
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Guo et al. 2017). While there has been a rapid increase in the application of SWDs across Asia, 
studies in Australia remain very limited and geographically biased (Lam et al. 2017). Initial 
application of SWDs in arid and semi-arid areas used clear contrasts in flood unit stratigraphy to 
help delineate individual flood units. Useful criteria in identifying the ‘start’ and ‘end’ of a flood 
period in SWDs have been identified and are used to guide the interpretation of individual floods 
from the stratigraphic record (Baker 1987). However, in other regions of the world, such diagnostic 
criteria on sedimentary structures are often less pronounced (Baker et al. 1979). In more humid 
settings the required preservation of distinct flood units within the stratigraphy is often challenging 
(Baker et al. 1979, Baker 1987). 
The overall aim of this paper is to present an inventory of SWDs for a subtropical region in 
Australia, thereby extending application of the technique to another climatic and physiographic 
setting. The research had three main objectives; (1) to evaluate the suitability of different 
physiographical settings for SWD preservation and interpretation; (2) to describe flood unit 
stratigraphy in these settings and evaluate any possible limitations due to climate and/or 
physiographic setting; (3) to estimate the minimum discharges required to deposit the flood units 
and; (4) to use the established flood chronology across selected study basins to investigate evidence 
of broad regionally-synchronous flood events. 
3.2 Regional Setting 
SEQ covers an area over 70,000 km
2 
and is characterised by a subtropical climate (Fig. 16). 
Average daily temperature ranges between 6-27°C with a mean annual rainfall of between 650–
2850mm (Bureau of Meteorology (BoM) Australia 2015). Geologically the region is dominated by 
Palaeozoic and Mesozoic-Palaeozoic age rocks (Blewett et al. 2012). Land-use change since 
European settlement has resulted in extensive conversion of native vegetation to agricultural and 
pastoral lands on floodplains, while headwater catchments remain forested with native vegetation 
(Capelin et al. 1998). 
The region consists of 11 major basins which are serviced by over 250 discontinued and 
operational flow gauges, with an average of ~30 years of gauging records. Compared to the 
northern and southern parts of eastern Australia, this region is characterised by high flood 
variability based on the FFMI and the Q50:Q2 flood quantile ratio (Rustomji et al. 2009). This 
hydrological variability is largely influenced by high rainfall events during La Niña phases of the El 
Niño Southern Oscillation (ENSO) and furthered enhanced during the negative Interdecadal Pacific 
Oscillation (IPO) phases (Kiem et al. 2003). The region also experiences periods of extended low 
flows (droughts). These potentially influential low flows (PILFs), when excluded from Flood 
48 
Frequency analysis (FFA), were found to affect ~61% of the flood quantile estimations in selected 
catchments across eastern Australia (Rahman et al. 2014). 
 
Figure 16. The study region in Australia with the location of sites and the map of Australia showing 
atmospheric systems that bring high rainfall to study region. 
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Climatically, high, consecutive daily rainfall events are mainly caused by atmospheric conditions 
associated with i) high pressure systems in the Tasman Sea (Southeast of the region), ii) inland 
monsoonal troughs; iii) tropical cyclones/lows tracking southeast  (on- or off-shores) and ; iv)  cut-
off lows (e.g. east coast lows) (Abbs and McInnes 2004) (Fig. 16). For example, known flood 
events between 1958 and 2013 in the Brisbane Basin showed a strong link between these high 
magnitude floods and tropical weather systems (including monsoonal lows, tropical cyclones and 
tropical low/ex-tropical cyclones) (Udy 2014). High magnitude floods caused by these atmospheric 
systems were also generally associated with La Niña or neutral conditions of the ENSO, while other 
non-atmospheric conditions include high antecedent soil moisture and high cumulative 48hr rainfall 
(Udy 2014). Examples of these extreme floods occurred in both 2011 and 2013 and new peak 
discharges were recorded across many gauges in the region.   
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3.3 Methods 
3.3.1 Site selection and physiographical settings 
SWDs accumulate in marginal valley settings where flow velocity decreases outside of the main 
flow. Valley configuration for sampling SWDs can be broadly categorised as i) narrow, ii) 
expansion and iii) constriction (Fig. 17). In narrow environments, typical settings include bedrock 
reaches where SWDs are located in alcoves, caves, rock shelters and crevices in bedrock walls (Fig. 
17). In the other two settings, changes in cross-sectional area occur as water level rises during the 
flood. The expansion settings can include, widening zones downstream of a narrow reach 
(Expansion Zone, EZ), behind the lee of a bedrock spur (EZLS) or obstruction in the channel, 
tributary mouth and ponded zone behind tributary mouth settings (PZTM) (Fig. 17). The 
constriction setting in contrast often occurs in the backwater area upstream of a narrow reach 
(Constriction Zone, CZ). 
 
Figure 17. Schematic Diagram of a bedrock-confined setting with slackwater deposit physiographical 
settings (modified from Benito et al. 2003). 
Desktop analysis using available maps and DEMs of the range of possible settings within proximity 
to a gauging station was conducted for the region. In total, five reaches were selected including one 
from each of three the major regional basins (Fig. 16). Contributing catchment areas for the selected 
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reaches range from between ~70-5500 km
2
 (Table 6). Each site was located within a confined river 
setting with confinement provided by either bedrock or highly resistant macrochannel banks. 
Macrochannels, or compound channel-in-channels, have been described in a range of 
hydrologically-variable settings globally (Woodyer 1968; Graf 1988; Gupta 1995; Gupta et al. 
1999; Van Niekerk et al. 1995) and are a common channel form in SEQ (Croke et al. 2013). 
Macrochannels are characterized by a small inner channel and associated benches set within a much 
larger channel that operates as a conduit for high magnitude floods (Croke et al. 2016a). They have 
been shown to have large channel capacities, with bank top capacities approaching a 50 year 
Average Recurrence Interval (ARI), are laterally stable due to adjacent highly resistant, clay-rich 
Pleistocene alluvium. Results over a range of timescales from post-European to Holocene indicate 
that lateral migration is limited and changes in  cross sectional area, even post extreme flood events 
are relatively minor (Croke et al. 2013; Fryirs et al. 2015; Thompson et al. 2016; Lam et al. 2017). 
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Table 6. Site and nearest gauging station information 
Basin River/ 
Reach 
Site SWD 
setting* 
SWD 
contributing 
area 
(km
2
) 
Nearest Gauge Information 
Station ID Distance 
from  
(km) 
Records 
length 
(years) 
Flood of 
Record 
(FoR) 
(m
3
s
-1
) 
Gauge 
contributing 
area  
(km
2
) 
Burnett Barambah A  PZTM 
5556 136207A 2 49 7593 5553 
  
B & C EZLS 
Mary Mary D PZTM 
3095 138007A 3.5 47 7285 3068 
  
E EZLS 
Brisbane Emu F EZ 915 
143010B 
0.1 
34  2035 915 
  
G and H PZTM 894 6 
Logan-
Albert 
Logan I CZ 158 145003AB 5.5 
98 (33 
missing) 
1904 175 
South 
Coast 
Nerang J and K CZ 79 146015A 2.5 8 494 68 
*PZTM: Ponded Zone behind Tributary Mouth; EZLS: Expansion Zone behind Lee of Spur; EZ: Expansion Zone; Constriction Zone, CZ
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3.3.2 Identifying flood units 
Floods are commonly recognisable within the stratigraphic record using criteria that often reflect 
changing discharge and sediment transport capacity immediately prior to, during, and after a flood 
event. Traditionally, for example, flood units are often  described as ‘flood couplets’ where a layer 
of coarse sediment, reflecting peak or high discharge conditions, is overlain by finer-grained 
deposits such as silt and clay often interpreted as wanning discharges on the flood recession limb. 
Accurate estimation of both the frequency and magnitude of palaeofloods depends, therefore, on 
our ability to identify discrete flood units in the sampling of SWDs.  Croke et al. (2016b) used 
criteria including a notable change in particle size with depth, together with a unit thickness 
threshold of 0.1m in the sampling of ‘major floods’ in the Lockyer Valley, a tributary of the mid-
Brisbane, in SEQ. This sampling strategy is acknowledged to potentially underestimate the 
frequency of smaller floods which deposit thinner sediment layers. It may also miss floods which do 
not leave a distinct sedimentary signature such as those that occur within relatively short intervals 
of another. In contrast, palaeosol development is often taken as a key diagnostic of stable climatic 
conditions and the potential absence of frequent flooding (Kraus 1999). Where floods occur in 
relatively quick succession, such as in 2011 and 2013, there is unlikely to be sufficient time to allow 
for soil development to occur. However, holding other soil-forming factors constant, additional 
rainfall and soil moisture in a humid climatic setting (as compared to an arid setting) can accelerate 
soil development (Jenny 1994).  Flood units in this study are broadly delineated therefore using 
changes in sedimentology, stratigraphy and other criteria which may aid in the identification of unit 
boundaries (Table 7). 
At each site, a pit was excavated and the stratigraphy documented paying particular attention 
to observed changes in grain size (e.g. thickness, laminations, units’ boundary) and colour 
variations (e.g. Munsell colour, pedologic structure/development), within and between each flood 
unit. Field texturing was later verified by Mastersizer laser diffractometer of the samples (Appendix 
A).  
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Table 7. Criteria to distinguish flood units and boundary conditions 
Category Property/Examples Diagnostic 
Individual flood 
unit 
Grain size Sharp reversal in grain size may indicate a different 
flood or a new pulse in the flow 
 Colour Sharp change in colour indicate different period, 
duration of chemical weathering; or different type 
(source) of sediment 
 Induration/compaction Hardenings of sediments which lead to 
cementation/compaction indicate presence of 
different chemical precipitation as a result of 
different chemical properties in different flood layers. 
Contact 
between flood 
units  
Erosional evidence Erosional contacts indicate surface of previous flood 
layer eroded by next flood 
Palaeosol development Evidence of palaeosol development( e.g. ped 
formation) indicate period of stability (lack of 
inundation) between floods  
Bioturbation/ organic/ 
charcoal-rich layer  
Bio-activity and surface exposed to litter indicate 
exposure time between floods; charcoal rich layer 
indicate waning stage of previous flood layer 
 Colluvium (e.g. slope-
wash), Aeolian, Cave 
roof collapse 
These non-fluvial deposits provide a clear evidence 
of a break between floods.  
*Modified from Baker (1987) 
3.3.3 Palaeoflood age 
The chronology of the SWDs was determined primarily by Optically Stimulated Luminescence 
(OSL) dating and supplemented by radiocarbon (
14
C) dating at sites where charcoal was readily 
available. Procedures outlined in Aitken (1998) were used for processing the OSL samples. Single-
grain equivalent dose (De) values were determined using the modified single aliquot-regenerative 
dose (SAR) protocol in Olley et al. (2004) and the acceptance/rejection criteria in Pietsch (2009). 
The age modelling approach of Galbraith and co-workers (Galbraith and Laslett 1993; Galbraith et 
al. 1999; Roberts et al. 2000) was adopted to calculate the burial dose (Db) from each population of 
single grain De values. Where over-dispersion of each sample is low (< 20%), we have determined a 
burial dose using the central age model (CAM) with the assumption that most grains were fully 
bleached before burial. Minimum age model (MAM) is used otherwise. 
Accelerated Mass Spectrometry 
14
C dating following standard methods was used to analyse 
the collected organic materials (charcoal). OSL and calibrated 
14
C dates are reported as a central age 
±1 and ±2 sigma errors respectively. 
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3.3.4 Discharge reconstruction of flood magnitude  
Minimum discharge estimates were calculated by hydraulic modelling using the HEC-RAS 
hydraulic model (Brunner 2001) with input data and parameter settings provided in Appendix B. 
Cross-sections were surveyed in the field and complemented with 5-30m DEMs. Cross-section 
surveys were extended up and downstream of each site to the nearest gauging station (Appendix C). 
This allowed the inclusion of recent stage heights in model calibration. Stage indicators of recent 
flood events such as silt and debris lines were also surveyed in the field and used to calibrate the 
model. Information on specific flood height documented by local land owners were also used to 
calibrate the hydrological model. The calibrated model was applied to determine the minimum 
discharge associated with palaeofloods by iteratively increasing discharge until the calculated 
surface profile matches the elevation of the SWD.   
In addition, the % Annual Exceedance Probability (AEP) of each palaeoflood is estimated in 
the FLIKE software (Kuczera, 1999) using systematic records from the respective gauging stations. 
An extreme flood discharge was defined as the 90
th
 percentile of the Australian Envelope Curve 
(AEC) of all systematic records in the region (Chapter 2, Eq.7). It is used here to maintain 
consistency in defining an extreme event and as an indicator of the upper-tail of the experienced 
flood distribution for comparison with the estimated palaeoflood discharges.   
3.4 Results 
3.4.1 Physiographical settings 
A total of 11 sites comprising four different physiographic settings from the expansion and 
constriction categories are represented across the study reaches (Fig. 18). The Ponded Zone –
Tributary Mouth (PZTM), an expansion form is the most common sedimentary environment (4 
sites). Most of these sites (except one) record sediment deposition as flood energy is dissipated due 
to a widening of the channel (i.e. sharp increase in the flood cross-sectional area). In contrast the 
Constriction Zone (CZ) setting reflects deposition under backwater flow conditions due to a 
narrowing of the main channel.  
Reach 1 consists of three sites (A-C) on Barambah Creek in the Burnett Basin (Fig. 18A). Site 
A is located behind the tributary (PZTM) of Ban Ban Springs with Barambah Creek. Site B is 
located in an expansion zone behind the lee of a spur (EZLS) about 1 km downstream, while Site C 
is located closer to the main channel at a lower surface elevation (~2m). All the SWDs settings are 
located above the elevation of the largest FoR.  
Reach 2 consists of 2 sites (D-E) on the main stem of the Mary River ~12 km downstream of 
the town of Gympie (Fig. 18B). Site D is located in a PZTM setting where an ephemeral stream 
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enters the Mary River. Site E is located in an EZLS setting about 1 km upstream on an elevated 
upper surface feature behind the lee of a spur.  
Reach 3 consists of 3 sites (F-H) and is located in Emu Creek, a tributary of the Brisbane 
River (Fig. 18C). Site F is an expansion zone on the left bank as Emu creek exits the constriction 
zone while Site G and H are a upper and lower surfaces of a PZTM setting behind the tributary 
junction of the ephemeral Calabash Creek.  
Reach 4 consist of a single site in the upper Logan River in the Logan-Albert Basin (Fig. 
18D). The SWDs setting (Site I) is located in the backwater area in a constricted zone (CZ).  
Reach 5 consist of two sites (J-K) and is located in the South Coast Basin, on the Nerang 
River upstream of Hinze Dam (Fig. 3E), which provides the water supply to the population of Gold 
Coast. This is located in a backwater area before a constriction zone in bedrock outcrops (Fig. 18E). 
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Figure 18. Geomorphological sketch map of the study reaches illustrating the locations of slackwater 
deposits. 
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3.4.2 Sedimentology and stratigraphy 
Flood units ranged in thickness from 0.1 to >1.3m and consist predominantly of fine-silt to sandy-
loam (> 65% <63µm) (Fig. 19). Coarser material (fine to coarse sand) is common at sites located 
closer to the main channel (Site C, H, I, J and K in Fig. 18). Angular cobble-sized colluvium formed 
the basal unit at one site on Barambah Creek, in the Burnett Basin. Basal material at all other sites 
consisted of fluvial-derived material sitting directly atop bedrock. 
 
Figure 19. Stratigraphy and OSL and radiocarbon ages. 
Stratigraphic sections for each of the sites are illustrated in Fig 19. Over 30 distinct flood units were 
recognised with, on average, between 2- 6 individual flood units recognisable at each site (Fig. 19). 
Flood units were primarily identifiable as a distinct change in grain size, colour, degree of 
compaction and organic content (Table 8). At some sites (e.g. A, D, E, F, I) two phases of SWD 
were identified with upper flood units separated from the lower more consolidated and compacted 
flood units by pronounced soil aggregates and palaeosol development (Fig. 20).  
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In general, flood units were massive with little evidence of preserved bedding or laminations. 
Evidence of erosional contacts between units was observed at some sites (e.g. C, I, J, K) in the form 
of undulating surfaces. Distinct charcoal rich layers also separated several flood units (e.g. #14, 
#20, #21 and #30 in Table 8), which are likely to have been transported in suspension during the 
wanning flood stages.  
 
Figure 20. Young clay deposits overlying highly compacted fluvial deposits with ped formations at Site F, 
Emu Creek, Brisbane Basin. 
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Table 8. Summary of criteria used in the identification of flood units across all sites 
Basin 
River/ 
Reach 
Site 
SWD 
setting 
Flood 
Unit # 
Reversal 
in grain 
size 
Distinct 
Colour 
variation 
Compaction 
Palaeosol 
development 
Erosional 
surface 
Bioturbation/ 
Organic/ 
Charcoal-rich  
Colluvium 
Burnett Barambah A PZTM 1-2 
  

   

Burnett Barambah B EZLS 3-4 
  
 
   
Burnett Barambah C EZLS 5-6 
   

  
Mary Mary D PZTM 7 
 

    
Mary Mary D PZTM 8 
 
 
  

 
Mary Mary D PZTM 9-10 
 

 

   
Mary Mary E EZLS 11 
    
 
 
Mary Mary E EZLS 12-13  
 

   
Brisbane Emu F EZ 14 
 
  
 

 
Brisbane Emu F EZ 15-16 
 
 
   
Brisbane Emu G PZTM 17 
 

    
Brisbane Emu H PZTM 18-19  
     
Logan-
Albert 
Logan I CZ 20 
 

   

 
Logan-
Albert 
Logan I CZ 21 
   
 
 
Logan-
Albert 
Logan I CZ 22 
    

 
Logan-
Albert 
Logan I CZ 23 
   

  
Logan-
Albert 
Logan I CZ 24-25    
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South 
Coast 
Nerang J CZ 26 
   

  
South 
Coast 
Nerang J CZ 27-28 
 

   

 
South 
Coast 
Nerang K CZ 29  
  

  
South 
Coast 
Nerang K CZ 30-31             
* PZTM: Ponded Zone-Tributary Mouth; EZLS: Expansion Zone behind Lee of Spur; EZ: Expansion Zone; CZ: Constriction Zone  
#
Specific details are provided in Fig. 4 and Appendix D 
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3.4.3 Palaeoflood chronology 
All samples returned sufficient quartz suitable for OSL dating with sediment burial ages estimated 
predominantly using the MAM due to relatively high over-dispersion (>20%) (Table 9). Age 
estimates using both OSL and 
14
C showed some discrepancies, with the latter resulting in older age 
estimates, with a maximum difference of ~900 years between the two techniques (Table 9). 
Importantly however, the five flood units in the South Coast basin (Site J and K) which were dated 
using only 
14
C all returned very similar ages of ~ 915-935±30 years (Table 9). This potentially 
demonstrates issues of charcoal reworking highlighting well recognised concerns with the use of 
charcoal for 
14
C dating of flood sediments. As such, for flood units with dates returned from both 
techniques, the OSL-derived date is selected. For sites that have only 
14
C dates, the dates are 
considered maximum ages and used with caution. 
Evidence of between 2-6 floods preserved across the 11 sites span an age range of between < 
100 to 10,000 years reflecting considerable variability in the preservation of palaeoflood units 
across the sites (Table 9). Overall, flood units are generally young with two-thirds of the samples 
returning an age of < 1000 years (Table 9, Fig. 19). The majority of the compacted basal flood units 
were > 2000 years (Table 9, Fig. 19).  Flood ages in general followed stratigraphic succession with 
samples located at depth being older than overlying units, except at Site I where several units 
produced dates which were within error. Flood unit #17 (Site G) and #19 (Site H) for example in 
Emu Creek, returned very similar ages of ~ 265 ± 30 and 265 ± 25 years respectively (Table 10) 
which indicate they may represent an equivalent flood event.  
There was no notable difference in the ages of flood deposits sampled across the 
physiographic settings with age ranges from 82 ± 21 to 7570 ± 700 years, albeit with the 
constriction setting (CZ) yielding a narrower age range of  between 185 ± 55 to 1960 ± 210 years 
(Table 9) (Fig. 21). 
Some variability in the age of palaeoflood deposits was also evident across the five drainage 
basins with those in the Mary and Brisbane Basins providing the oldest record dating back to ~5 
and 7.5k years (Table 9). In contrast, the Logan-Albert and the South Coast Basins have the 
youngest record of SWD spanning only the past 2000 years (Table 9) (Fig. 21).  
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Figure 21. Stratigraphy of young slackwater deposits above palaeosol in an entrance to Constriction Zone 
(CZ) Setting, at the backwater area of gorge entrance (Site I, Logan-Albert Basin). 
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Table 9. Summary of OSL/radiocarbon dates obtained for the selected 31 flood units across the study basins 
Basin Reach Site Flood 
unit # 
Physiographical 
Setting 
Depth 
(m) 
Dose Rate 
(Gy ka
-1
) 
De  
(Gy) 
Age  
(year) 
Burnett Barambah A 1 PZTM 0.20 2.80 ± 0.20 1.69 ± 0.13 1160±90 
Burnett Barambah A 2 PZTM 0.50 2.92 ± 0.21 10.05 ± 0.36 3440±280
* 
         Burnett Barambah B 3 EZLS 0.17 2.77 ± 0.20 0.46 ± 0.05 165±20 
        [465±30] 
Burnett Barambah B 4 EZLS >0.20 2.73 ± 0.20 6.74 ± 0.24 2470±200
*
 
        [2535±30] 
         Burnett Barambah C 5 EZLS 0.62 3.15 ± 0.23 4.79 ± 0.17 1520±120
*
 
Burnett Barambah C 6 EZLS >0.46 3.26 ± 0.23 5.95 ± 0.31 1830±160
*
 
         Mary Mary D 7 PZTM 0.15 2.45 ± 0.19 0.20 ± 0.05 82±21 
        [235±30] 
Mary Mary D 8 PZTM 0.35 2.63 ± 0.20 1.57 ± 0.19 600±90 
        [1525±30] 
Mary Mary D 9 PZTM >0.40 2.49 ± 0.19 4.60 ± 0.29 1850±180
*
 
        [2415±30] 
Mary Mary D 10 PZTM  2.79 ± 0.22 6.96 ± 0.54 2490±270 
        [2805±30] 
         Mary Mary E 11 EZLS 0.10 2.59 ± 0.19  0.67 ± 0.11 260±50 
Mary Mary E 12 EZLS 0.15 3.05 ± 0.23  1.15 ± 0.20 375±85 
Mary Mary E 
13t* 
13b 
EZLS >0.75 
2.57 ± 0.19 
2.70 ± 0.21 
9.92 ± 0.19 
12.99 ± 0.49 
3860±280
*
 
4810±410
*
 
         Brisbane Emu F 14 EZ 0.28 412 ± 25  2.33 ± 0.18  110±25 
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Brisbane Emu F 15  0.30 2.59 ± 0.20  15.37 ± 1.07 5920±620
*
 
Brisbane Emu F 16 EZ >0.4 2.58 ± 0.20  19.50 ± 0.97 7570±700
*
 
         Brisbane Emu G 17 PZTM 0.48 2.23 ± 0.17  0.59 ± 0.05 265±30 
         Brisbane Emu H 18 PZTM 0.15 2.29 ± 0.17  0.42 ± 0.06 185±30 
Brisbane Emu H 19 PZTM >1.20 2.67 ± 0.20  0.71 ± 0.04 265±25 
         Logan-Albert Logan I 20 CZ 0.10 2.86 ± 0.22 0.86 ± 0.16 300±60 
Logan-Albert Logan I 21 CZ 0.05 3.85 ± 0.29 1.58 ± 0.27 410±75 
Logan-Albert Logan I 22 CZ 0.10 4.02 ± 0.31 2.34 ± 0.35 580±100 
Logan-Albert Logan I 23 CZ 0.07 2.69 ± 0.21 1.98 ± 0.36 740±150 
Logan-Albert Logan I 24 CZ 0.18 3.83 ± 0.29 2.26 ± 0.50 590±140 
Logan-Albert 
Logan 
I 
25t* 
25b 
CZ >0.40 3.51 ± 0.33 
3.43 ± 0.26 
4.04 ± 0.30 
6.71 ± 0.49 
1150±140
*
 
1960±210 
         South Coast Nerang J  26 CZ 0.15 3.21 ± 0.26  0.59 ± 0.20 185±55 
South Coast Nerang J  27 CZ 0.15   [915±30] 
South Coast Nerang J  28 CZ >0.20   [925±30] 
         South Coast Nerang K 29 CZ 0.40   [355±30] 
South Coast Nerang K 30 CZ 0.10   [915±30] 
South Coast Nerang K 31 CZ >0.10   [935±30] 
* (t) top and (b) bottom of unit. Some inconclusive boundary condition, thus classified as a flood unit although the dates suggest otherwise subsequently. 
*
OSL Dates using Central 
Age Model. Dates in [ ] are from AMS 
14
C dating 
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3.4.4 Estimated palaeoflood discharges 
The estimated discharges for the dated palaeofloods are shown in Table 5 and their relationship to 
the respective FoR from the nearest gauging station. These estimated discharges are minimum 
values but the extent of underestimation is partly accounted for by including them as minimum 
threshold values within the FLIKE software. Over 50% of the palaeofloods dated in this study 
produced estimated discharges that are smaller than the FoR from the respective gauges. This is a 
result of the high FoRs in the Mary and Logan-Albert gauges, as the majority of the palaeoflood 
estimated discharges in the other three basins are larger than the FoRs.  
The Annual Exceedance Probability (AEP) of all palaeofloods is greater than 1% (between 
1.2-12.5%) and about one-third of the estimated discharges are greater than the 5% AEP (Table 10). 
Only the palaeofloods in the Burnett basin yield a consistently low AEP of less than 2% (i.e. 1 in 50 
year event).    
Table 5 also illustrates the required minimum discharge for an extreme event for a catchment 
of given size. The applied definition of an extreme event has only resulted in 3 records from the 
Brisbane basin and 3 records from the Mary basin being excluded from the total of 31 records 
across the region (Table 10). Thus >80% of all palaeoflood discharges constitute an extreme event 
or greater.  
The three palaeofloods from the EZ settings have minimum estimated discharges that are 
consistent with an extreme event. EZ is also the only physiographical settings where estimated 
discharges from all the palaeofloods are greater than the FoR and range from between 2 – 3 %AEP.  
In the other expansion settings of PZTM and EZLS estimated palaeoflood discharges range between 
1 – 13 %AEP. The palaeofloods from the constriction setting, CZ, has estimated discharges of 
between 2 – 7 %AEP. 
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Table 10. Summary of flood units’ minimum discharges and AEP, minimum discharge of an extreme event and the nearest gauging station FoR and AEP 
Basin 
River/ 
Reach 
Site Flood unit  
Physio-
graphical 
setting 
Estimated 
Palaeoflood 
Minimum 
Discharge 
(m
3
s
-1
) 
% 
AEP 
Flood of 
Record 
(FoR) 
(m
3
s
-1
)* 
% 
AEP 
Minimum 
Discharge to be 
classified an 
extreme event 
(m
3
s
-1
)
^
 
Burnett Barambah A 1-2 PZTM 8750- 8900 1.2 7593 1.5 6566 
Burnett Barambah B 3-4 EZLS 8800-9000 1.2 7593 1.5 6566 
Burnett Barambah C 5-6 EZLS 6800-7000 1.6 7593 1.5 6566 
Mary Mary D 7-10 PZTM 6400-6750 4 7285 2.9 5013 
Mary Mary E 11-13 EZLS 3600-3800 10 7285 2.9 5013 
Brisbane Emu F 14-16 EZ 2800-3000 2.5 2035 4 2667 
Brisbane Emu G 17 PZTM 2050 4 2035 4 2633 
Brisbane Emu H 18-19 PZTM 500-650 12.5 2035 4 2633 
Logan-Albert Logan I 20-25 CZ 900-950 2.5 1904 0.4 928 
South Coast Nerang J & K 26-31 CZ 580-650 7 494 11.1 590 
* From respective gauging stations listed in Table 2. ^ Calculated from the 90
th
 percentile of the AEC (equation 1). 
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3.5 Discussion 
Palaeoflood hydrology has advanced significantly (Benito and Díez-Herrero 2015) since the term 
was introduced about 35 years ago (Kochel and Baker 1982) with its geological origins going back 
further (Baker 2008).  However, a number of key challenges remain which include (i) extending the 
spatial coverage of palaeoflood studies globally (ii) refining the dating methods to incorporate 
advances in chronology and (iii) making better connections between past, current and future floods 
(Gregory et al. 2015).  
Early work on palaeoflood-slackwater deposits in Australia focussed largely on bedrock gorge 
settings in tropical and arid settings (Baker et al. 1983a, b; Baker et al. 1985; Baker et al. 1987; 
Wohl et al. 1987; Pickup et al. 1988; Gillieson et al. 1991; Wohl 1992a 1992b; Saynor and Erskine 
1993; Wohl et al. 1994). The physiographic setting in these regions was for a long time considered 
ideal for the construction of palaeoflood discharges due to stable boundary conditions and the 
magnitude of arid-zone flashy and high discharge flood events (Baker et al. 1979; Baker 1987). 
Many of these locations are also not highly populated regions. There has been only a small number 
of additional studies undertaken in the Katherine and Hunter basins to the northwest and south of 
the study area respectively (Erskine and Peacock 2002; Sandercock and Wyroll 2005). This work 
was positively received by the engineering community at that time (Pilgrim 1987), however, since 
then there has been a decline in both the number of palaeoflood studies or any progress on the 
formal inclusion of palaeoflood hydrology into improved FFA. This study presents, to our 
knowledge, the first application of palaeoflood reconstruction in a subtropical region in Australia. It 
uses the well-established methodology of SWD dating to reconstruct the timing and magnitude of 
palaeofloods across regional SEQ, an area which has experienced two such extreme flood events in 
the past five years. Specifically, the work sought to provide confidence in the application of the 
technique in channel expansive and constrictive physiographic settings and to confirm the potential 
for flood units to be distinguishable in the sedimentary deposits across a landscape which 
experiences more rapid processes of both soil development and bioturbation. 
3.5.1 Recognised challenges in the application of SWD to flood estimation 
For these results to contribute to improve FFA there needs to be confidence in the predictions as 
they relate specifically to key assumptions of the technique. For example, SWD studies have 
traditionally been undertaken in the narrow environment settings of bedrock channels to better 
facilitate the necessary assumptions of stable boundary conditions and estimates of minimum 
discharges. However, many regions fail to have suitable bedrock settings especially in populated 
areas which are often the focus of applying this research, and this can be a limiting factor in SWDs 
and palaeofloods. Sites investigated in this study would not be classified as the narrow environment 
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where SWDs are more easily interpreted (Baker et al. 1979) but in contrast are classified as the 
expansion and constriction settings. Results confirm, however, that flood deposits are readily 
observed in these settings which can considerably broaden the scope for palaeoflood hydrology 
across the globe. Like previous studies (e.g. Kale et al. 2010; Zhang et al. 2012, Huang et al. 2013; 
Wasson et al. 2013), there now seems to be general consensus that SWD can move beyond the 
bedrock gorge and examples of well-preserved flood units preserved in both flow expansive and 
backwater settings serve a very useful addition to sample settings. Importantly, the macrochannel 
settings of SEQ fulfil the stable boundary conditions required to provide robust discharge estimates 
because they have experienced minimal channel adjustments over the past 200 years (Fryirs et al. 
2015; Thompson et al. 2016) and even over the longer timescale of the Holocene (Croke et al. 
2016a, b; Daley et al. 2016). In a more detailed assessment of how changes in within-channel 
sedimentation rates may affect predicted palaeoflood discharges, Lam et al. (2017) reported that 
sedimentation rate of up to 8.75 mma
-1
 at the Barambah and Mary Reaches reduced cross-section 
area by 3.8-10.6% and this resulted in the reduction of estimated 1% Annual Exceedance 
Probability (AEP) discharges by up to 40%. Despite this, they remained within the 90% confidence 
limits of the flood quantiles. Overall, the range of sites sampled in this study confirm that the 
approach can be applied in a much broader range of physiographic settings and that, where 
additional tests are undertaken to assess the nature and degree of changes in boundary conditions, 
provide additional confidence in the predicted minimum discharges. 
The second key criteria of developing a robust analysis of changes in flood magnitude and 
frequency is the accuracy and associated sensitivity of the age of the flood units. This depends to a 
large extent on two key factors; our ability to distinguish flood units in the field and the accuracy of 
the dating technique. The flood units sampled in this study were determined using a range of key 
criteria both a priori and in the field. A minimum unit thickness was observed to ensure that the 
sample was derived from the major phase of flood deposition, rather than any secondary post-
depositional erosion or modification layer. Whilst this in itself does not ensure all floods will be 
captured, it has the benefit of ensuring at least major floods are captured in the sampling design. In 
the field, key criteria were also used to guide the sampling and although classic stratigraphic 
markers such as changes in bedding or particle size may not have been as pronounced in these 
settings as formerly used in bedrock environments, there was significant contrast between flood 
units to differentiate their stratigraphic consistency. The key criteria which emerged in this study 
are evidence of charcoal-rich layers and palaeosol development. A distinct layer of flood deposit 
capped with a thin charcoal-rich layer suggests a waning stage of the flood, while evidence of 
palaeosol development indicates a period of stability between flood inundations. 
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In terms of dating control, this study used state-of-the art single grain OSL dating to yield 
flood ages. The error range on these dates was of the order of 10-15% and well within the bounds of 
acceptable dating errors for this technique (Olley et al. 2004). The quartz signal was somewhat 
over-dispersed which is common in Australian settings (Pietsch 2009). Some issues emerged, 
however, with the use of 
14
C dating flood units- notably the potential for charcoal reworking within 
the sedimentary record (Blong and Gillespie 1978). This has been noted previously and remains an 
issue with the application of radiocarbon dating of fluvial sediments.  For example, a comparison of 
both dating techniques with six flood units from the northern basins (Burnett and Mary) suggests 
potential lag-time between burning and the subsequent transportation and deposition of the charcoal 
(Table 9). As expected the general trend is that the 
14
C age from charcoal materials is older than the 
OSL ages from the quartz in the fluvial sediments. The reworking of charcoal material is clearly 
demonstrated in the samples from the Nerang reach. The dominant supply of charcoal material from 
a significant single event about 1000 year ago is reworked and deposited by various flood events. 
These issues with using radiocarbon dating accentuate the increasing preference for using single-
grain OSL dating for more accurate dating of the SWDs.  
There was also the opportunity to provide additional lines of evidence in support of the OSL 
ages when compared with the historical flood record at each site. For example, the OSL age of 82 ± 
21 year for the top flood unit in the Mary basin approximates the timing of the 1955 flood which 
occurred extensively throughout Queensland and the second largest flood recorded by the gauge 
(Lam et al. 2017). 
3.5.2 Palaeoflood magnitudes 
In addition to providing a viable means to extend the current short-gauge record length, palaeoflood 
hydrology also provides the means to estimate palaeoflood magnitude (Baker 1987; Baker 2008). 
This often provides vital information on exceedance thresholds and has enormous potential to better 
inform flood risk planning and policy, especially as it relates to engineered structures. However, the 
underestimation of the estimated minimum discharge of the palaeoflood is a recognised concern and 
extent of underestimation has been shown to be as much as 20% (e.g. Kochel et al. 1982; Ely and 
Baker 1985; Erskine and Peacock 2002), although other studies have shown that the top of SWDs 
can provide reliable and accurate indication of maximum height (e.g. Jarett and England 2002).  
Overall, the predicted palaeoflood discharges in this study are in the same order of magnitude 
to the respective FoR recorded at the nearest gauge. This is in contrast to other studies that report 
significant differences between these older flood deposits and the more recent past (e.g. Erskine and 
Peacock 2002, Harden et al. 2011, Greenbaum et al. 2014). Furthermore, the %AEP of palaeofloods 
sampled in this study are all greater than the 1% AEP. However, the %AEP is sensitive to both the 
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type and length of gauge records available. For example, the predicted %AEP is high for the Mary 
and Emu reaches (Table 10) because of the occurrence of more high magnitude events within the 
relatively short gauge record (Lam et al. 2016). In contrast gauge records for Emu Creek and 
Nerang River are very short. Emu Creek has 34 years of record, but 9 years of records are excluded 
due to PILFs while the Nerang gauge has only 8 years of records. Whilst the issue of gauge record 
length is readily appreciated in both the application of historical and palaeoflood data sets, it is 
generally agreed that providing additional evidence for extreme events which can better populate 
the upper tail of the flood frequency distribution is vital flood information. For example, using just 
1-3 palaeoflood dates was found to significantly reduce uncertainty in the estimated Annual 
Exceedance Probability (AEP) and the integration of these limited palaeoflood dates into traditional 
at-site FFA resulted in >50% reduction in uncertainty associated with the 1% AEP flood quantile 
(Lam et al. 2017). As uncertainty increases with estimation of rarer floods (smaller AEP flood), 
partly due to the lack of sufficient upper-tail distribution flood, palaeoflood information becomes 
vital. Reducing uncertainty in design flood estimation (≤ 1% AEP) will improve flood risk-planning 
and management especially in data-poor regions. 
3.5.3 Contributions to improved understanding of the climate drivers of extreme 
floods  
Extreme floods in SEQ can be caused by differing atmospheric circulation patterns and varying 
synoptic conditions often complicated by El Niño Southern Oscillation (ENSO) and Interdecadal 
Pacific Oscillation (IPO) variability (Power et al. 1999; Kiem et al. 2003; Udy 2014). When the 
negative IPO phase coincides with La Niña years, there is an increased flood risk associated by the 
enhanced rainfall (Kiem et al. 2003). Our ability to link the timing of these past flood events to key 
climatic drivers depends in part upon the availability of quality climate proxy data such as rainfall 
or other more stochastic extreme events such as cyclones. In eastern Australia, detailed climate 
proxy records are becoming more available notably through detailed analysis of ice core records in 
Antarctica (Vance et al. 2013; 2015) but also in lake sediments (e.g. Tibby and Haberle 2007; 
Walker 2007, 2011) and coral luminescence signals (Lough 2007, 2011). A detailed reconstruction 
of cyclone frequency and magnitude has also been presented for tropical northern Australia which 
allows better correlation between the occurrences of cyclone driven floods. In addition, a millennial 
scale flood record also been produced for the Lockyer Valley (Croke et al. 2016). Together these 
data allow for some preliminary attempts to investigate any possible links between these flood 
events and key climatic drivers.  
Existing understanding of the main climatic drivers of extreme flood events in SEQ have 
identified that they are primarily associated with three specific atmospheric weather patterns (Udy 
72 
2014). These are tropical weather systems, namely, monsoonal lows, tropical cyclones and tropical 
low and happen to be often associated with climatic drivers ENSO and IPO phases (Udy 2014). 
Based on the existing gauging data, for example, up to 73% of high magnitude floods which have 
occurred in the Brisbane catchment over the period 1958-2013 are directly related to tropical 
weather systems: monsoon low, tropical cyclone and tropical low/Ex tropical cyclone, while the 
remaining are related to the inland trough, easterly dip and east coast low (Udy 2014). Extending 
this record beyond the gauge record requires input from other climate proxy data sets and records. 
In the millennial scale record of flood events in the Lockyer Valley, a major peak in flood activity 
was noted in ~1730 (Croke et al. 2016b). This aligns well with dated flood units from the Brisbane, 
Mary and Logan-Albert Basins suggesting floods during this time may have been regionally 
synchronous. Likewise there are some correlations between the timing of extreme flood events and 
the 700 year high resolution cyclone activity for North East Australia (Haig et al. 2014). Multi-
decadal peaks in cyclone activity in 1880-1910, 1780-1820, 1730-1750, 1650-1700, 1600-1630 and 
1420-1450 broadly correspond to flood units dated on the Mary, Brisbane and Logan-Albert basins 
(Fig 22A). A sharp spike in cyclone activity in 1955 aligns with the flood unit #7 (Mary Basin). 
This flood is caused by a second cyclone in March, 1955 and recorded extreme flooding in the 
Mary Basin and Upper Brisbane Basin (BoM 2017a).  
The link between La Niña years and number of cyclones in Australia is well established (e.g. 
Nicholls 1984, 1985, 1998; Camargo et al. 2007). The increased in sea surface temperature during 
La Niña phase leads to a southwards extension of cyclones affecting a greater proportion of SEQ 
(BoM 2017b). When compared to the summer (November – February) Southern Oscillation Index 
(SOI) where data exists from 1876 (BoM 2017c), the two youngest flood units #7 (Mary) and #14 
(Brisbane) coincide with a La Niña phase. This is also a period where the IPO is in a negative phase 
(Power et al. 1999). Extending the ENSO data further back in time, Gergis and Fowler (2009) 
reconstructed ENSO phases from 1525 using percentile-based global palaeoclimate data. Within 
this period, there is some agreement between dated flood units in this study and decadal periods of 
strong to extreme La Niña events (Fig. 22B).  
Reconstructed IPO for the last millennium from the reconstructed 1010 years of annual 
rainfall derived from Antarctica’s Law Dome ice cores summer sea salt concentration (Vance et al. 
2013) also suggests negative IPO phases such as 1950s, 1820s, 1750s, 1700s, 1610s and mid-1400s. 
Likewise, these correspond well with flood units from the Mary, Brisbane and Logan-Albert basins 
(Fig.22C). Interestingly, none of the flood units described in this study correspond with the period 
of Medieval Climate Anomaly and the mega drought period (1000-1260) described by Vance et al. 
(2013) (Fig. 22C).  
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Preliminary alignment of broadly synchronous dates, therefore, points to some coincidences 
in the timing of floods across the three basins suggesting more regional influences in atmospheric 
weather systems, while dated flood units in the Burnett basin appear more representative of basin-
only flood events. For example, the most recent ex-tropical cyclone Debbie (landfall on 28
th
 March 
2017) resulted in extensive flooding across many parts of the region but considerable spatial 
variations (inter and within basins) were apparent in the extent of inundation across the regions. 
Atmospheric conditions, together with localised geomorphic conditions, play a part in enhancing or 
alleviating flood conditions. In the Lockyer flood of 2011, one of the key factors controlling the 
extent and depth of flood inundation was significant down-valley changes in channel capacity and 
the presence of what has been referred to as Spill-out Zones (SOZ) (Croke et al. 2016a). These 
areas typically occur downstream of enlarged macrochannel systems and coincide with a notable 
reduction in channel capacity. It is likely, therefore, that variations in the number of flood units 
identified across the sites will reflect such local, reach-scale variations in floodplain inundation and 
likely some issues of sediment preservation. In the millennial scale flood reconstruction of the 
Lockyer Valley, Croke et al. (2016b) also noted that gaps in the flood record aligned with periods of 
prolonged drought, and this will vary to some extent regionally. Further work is required to explore 
in detail linkages between regional flood signatures and major climatic drivers. 
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Figure 22. Establishing links between palaeofloods and climatic drivers with (A) Reconstructed cyclone 
activity index (CAI) from stalagmite in Chillagoe, Queensland over the last 700 years; (B) Decadal trends in 
reconstructed El Niño and La Niña event magnitude characteristics, A.D.1525–2000. Five percentile classes 
of the MQ time series were used to classify ENSO magnitude into extreme (>90th percentile) very strong 
(70th–90th percentile), strong (50th–70th), moderate (50th– 30th) and weak events (<30th)30th) and weak 
events (<30th) (Gergis and Fowler, 2009); (B) A 13-year Gaussian smooth applied to a 1010-year proxy 
record of annual rainfall derived from Law Dome’s summer sea salt concentration (LDsss), reconstructed 
IPO using piece-wise linear fit model produced by Vance et al. (2015). 
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3.6 Conclusion 
This study represents a revival of the application of palaeoflood hydrology in Australia since its 
initial introduction over 30 years ago. It explores the potential and challenges of using SWDs in a 
subtropical environment specifically as it relates to our ability to distinguish flood units in the 
stratigraphy and associated dating controls and accuracy. 
Importantly the range of sites sampled in this study moves beyond the constraints of the 
traditional bedrock gorge, showing the potential of the technique to be applied in a much wider 
array of physiographic settings. Expansion settings (PZTM, EZ and EZLS) are found to be 
particular useful in the deposition and preservation of over 30 flood units in this study. The 
identification of flood units was possible using a combination of classic stratigraphic markers, but 
additional criteria including evidence of charcoal-rich layers and palaeosol development emerged as 
key diagnostics. Over two-thirds of the flood units were dated to between 100 – 1000 years old, 
thus providing important temporal extension of flood records. With 80% of these floods classified 
as ‘extreme’, they provide vital flood information of the upper tail distribution of existing flood 
records. 
This study concludes with some preliminary analysis of possible linkages between the timing 
of high magnitude floods across the region using other available proxies for flood, cyclone and 
climatic conditions. Tropical cyclones are likely to be an important weather system in generating 
large magnitude floods in this region with floods also coinciding with established La Niña and 
negative IPO phases.  
Palaeoflood records are increasingly being applied to flood risk planning, dam design, and 
improvement to FFA. In a region where systematic records are short and hydro-climatic variability 
is high, the role of palaeoflood records in extending flood records forms the foundation for some of 
these applications. The findings in this study open up the technique to application in the more 
populated parts of Australia where there is now an urgent need for improved estimations of flood 
frequency and magnitude. 
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CHAPTER 4: 
Reducing Uncertainty With Flood Frequency Analysis: The Contribution of 
Palaeoflood and Historical Flood Information 
 
 
 
Chapter 4 is published in Water Resources Research; doi: 10.1002/2016WR019959. 
 
 
 
Summary  
This chapter provides an important application of using palaeoflood and historical flood information 
for flood frequency analysis 
 
Highlights 
 This work quantify the improvements to flood frequency analysis with addition of 
palaeoflood and historical information 
 First attempt in Australia to quantify the reduction in the uncertainty of estimated flood 
quantile in flood frequency analysis  
 This study is the first attempt to perform sensitive analysis to evaluate effects of changing 
cross-sections on palaeoflood magnitude reconstruction 
 This study suggests that the use of slackwater deposits in semi-alluvial setting for 
palaeoflood reconstruction is possible as the changes in estimated discharges as a result of 
changing cross-sectional areas are within the 90% confidence interval of the estimated 
quantiles 
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Abstract: 
Using a combination of stream gauge, historical and palaeoflood records to extend extreme flood 
records has proven to be useful in improving flood frequency analysis (FFA). The approach has 
typically been applied in localities with long historical records and/or suitable river settings for 
palaeoflood reconstruction from slackwater deposits (SWDs). However, many regions around the 
world have neither extensive historical information nor bedrock gorges suitable for SWDs 
preservation and palaeoflood reconstruction. This study from subtropical Australia demonstrates 
that confined, semi-alluvial channels such as macrochannels provide relatively stable boundaries 
over the 1000-2000 year time period and the preserved SWDs enabled palaeoflood reconstruction 
and their incorporation into FFA. FFA for three sites in subtropical Australia with the integration of 
historical and palaeoflood data using Bayesian Inference methods showed a significant reduction in 
uncertainty associated with the estimated discharge of a flood quantile. Uncertainty associated with 
estimated discharge for the 1% Annual Exceedance Probability (AEP) flood is reduced by over 
50%. In addition, sensitivity analysis of possible within-channel boundary changes shows that FFA 
is not significantly affected by any associated changes in channel capacity. Therefore, a greater 
range of channel types may be used for reliable palaeoflood reconstruction by evaluating the 
stability of inset alluvial units, thereby increasing the quantity of temporal data available for FFA. 
The reduction in uncertainty, particularly in the prediction of the ≤ 1% AEP design flood, will 
improve flood risk planning and management in regions with limited temporal flood data. 
 
 
Key words: Flood Frequency Analysis, Palaeoflood Hydrology, Extreme Flood, Stable Boundary 
Channels, Historical Flood Information, Sensitivity Analysis 
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4.1 Introduction 
Globally, floods impacted 2.3 billion people in the last twenty years (1995-2014) and the average 
number of floods increased by more than 33% compared to the previous two decades (CRED 2015). 
In Australia, numerous extreme floods have been recorded over the past decade with five floods 
recorded in Southeast Queensland (SEQ) alone. An extreme flood is defined here as any flood at, or 
above, the 90
th
 quantile of the Australian Envelope Curve (AEC) (Lam et al. 2016). The extreme 
floods in 2010-2011 cost the Australian economy ~$30 billion (Australian Government 2015) and 
resulted in 33 fatalities (QFCI 2012). Flood risk planning and the use of traditional FFA to estimate 
the magnitude of the 1% Annual Exceedance Probability (AEP) design flood is made difficult by 
short gauging station records. On average, gauging records are 42 years in length for Eastern 
Australia and many have a poor representation of extreme floods.  
Historical flood information and palaeoflood records can supplement systematic gauge 
records to improve at-site Flood Frequency Analysis (FFA), but unlike gauge records, they are non-
continuous and are typically described in terms of above, or below, a flood threshold (Swain et al. 
2004). Historical flood information, which can be derived from flood marks on old buildings, 
newspaper reports and from oral descriptions (Herget and Meurs 2010), are well documented in 
Europe with records dating back to AD 1500 (Brazdil et al. 2006) and are now being incorporated 
into FFA (e.g. Benito et al. 2015; Machado et al. 2015). However, in localities where European 
settlement occurred relatively recently, such as in Australia, historical flood information has limited 
capacity to extend the analysis period for FFA.  
In contrast, palaeoflood hydrology can construct flood magnitudes that occurred 100s-1000s of 
years prior to human observation or direct measurement (Baker 1987, 2008). The method utilises 
geological, geomorphological, hydrological and biological indicators to reconstruct flood peak 
discharge. The frequently used Palaeostage Indicator (PSI) to reconstruct palaeoflood minimum 
magnitude is slackwater deposits (SWDs) (Baker 2008). The method requires evidence of 
deposition of fluvial sediments in low energy zones to enable a minimum stage height for 
deposition to be determined. Dating the time of deposition provides an indication of the timing of 
floods which exceed this threshold, although other studies have shown that SWDs may indicate the 
actual flood height (e.g. Jarrett and England, 2002). Additional information from PSIs, such as high 
water-stage marks which include scarring of tree trunks and silt lines (Baker 1987) helps improve 
the calibration of hydraulic models used to estimate palaeoflood magnitudes. 
The global distribution of SWD-PSI studies (Benito and Diez-Herrero 2015) illustrates the 
wealth of palaeoflood archives in North America and Europe. Over 700 
14
C-dated flood records are 
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available in Southwestern USA (Harden et al. 2010) and projects such as SPHERE (Systematic, 
Palaeoflood and Historical data for improvEment of flood Risk Estimation; (Benito et al. 2004) 
have led to the compilation of extensive 
14
C flood databases in Europe (e.g. Macklin and Lewin 
2003; Thorndycraft and Benito 2006). However, there are few Australian palaeoflood studies (Table 
11, Fig. 23) and only two have attempted to integrate their reconstructed palaeoflood data into FFA 
(Baker and Pickup 1987; Wohl et al. 1994b).  
Table 11. Selected Palaeoflood Records in Australia 
S/N River Setting Palaeoflood 
Records 
Dating 
Technique 
Source 
1 Katherine bedrock  
gorge 
3 
14
C Baker & Pickup 1987 
2 Finke bedrock  
gorge 
7 
14
C Pickup et al. 1988 
Wohl et al. 1994b 
3 Lennard bedrock  
gorge 
5 TL & 
14
C Gillieson et al. 1991 
4 Herbert bedrock  
gorge 
6 
14
C, boulder Wohl 1992 
5 Burdekin bedrock  
gorge 
7 
14
C Wohl 1992 
6 Nepean bedrock  
gorge 
1 
14
C, 
mineralogy 
Saynor & Erskine 1993 
7 Fitzroy & 
Margaret 
bedrock  
gorge 
6 & 13 
14
C Wohl et al. 1994a 
8 Wollombi 
Brook 
bedrock 
confined 
3 
14
C Erskine & Peacock 2002 
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Figure 23. The study region in Australia with the location of sites (1) in the Burnett Basin, (2) in the Mary 
Basin and (3) in Lockyer Creek sub-catchment of the Brisbane Basin. Insert: Existing palaeoflood records. 
Recent advances in dating flood sediments using single grain OSL and statistical age models are 
also providing greater insights into past flood activity with improved accuracy (e.g. Croke et al. 
2016b). Despite these advances, two main limitations to the application of palaeoflood records 
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remain. The first is the lack of suitable sites. Bedrock gorges are the preferred setting for the 
reconstruction of palaeoflood information from SWDs due to their stable channel boundary 
condition (Webb et al. 2002). In contrast, alluvial channels are often susceptible to phases of 
channel erosion and/or deposition leading to uncertainty in estimating changes in channel capacity 
over time. However, semi-alluvial reaches in the form of macrochannels exist in Australia (Croke et 
al. 2013), South Africa (Heritage et al. 2001) and Central Texas, USA (Heitmuller et al. 2015). 
Macrochannels have relatively stable boundary conditions confined within Pleistocene terraces and 
provide the potential to evaluate the preservation of SWDs outside bedrock gorge settings.  
The second reason for the limited application is the lack of a consistent methodology for the 
integration of non-continuous data with continuous gauging data. The development of the Peak-
Over Threshold method and other Bayesian type models (e.g. Parkes and Demeritt 2016) in recent 
years is beginning to address this limitation. The main aim of this paper is to improve the estimation 
of design flood (1% AEP) for at-site FFA by incorporating historical and palaeoflood records in 
SEQ. The specific objectives are to: 
(i) Evaluate the extent of change in semi-alluvial channel settings for palaeoflood reconstruction;  
(ii) Determine the sensitivity of FFA to changes in channel boundary dimensions, and; 
(iii) Apply the methodology to existing palaeoflood records across Australia. 
4.2 Study Area  
The study region is located in Southeast Queensland (SEQ), Australia (Fig. 23), a tectonically stable 
region with geology dominated by Palaeozoic and Mesozoic-Palaeozoic age rocks (Blewett et al. 
2012).  Eleven major drainage basins exist throughout SEQ with the Burnett, Mary and Brisbane 
representing the largest catchments (Fig. 23). The region experiences a subtropical climate with 
average daily temperature ranges of 6 to 27°C and mean annual rainfall of between 650–2850 mm 
(Bureau of Meteorology (BoM) Australia 2015).  Notably, the region has very high flood variability 
based on metrics of the Q50:Q2 flood quantile ratio and FFMI (Rustomji et al. 2009). This also 
highlights the potential effect of the low-outliers in AMS observations in distorting the AEP of the 
larger flood quantile (Lamontagne et al. 2016). In Eastern Australia, these PILFs account for 61% 
of the difference in the flood quantile estimation in 10 study catchments (Rahman et al. 2014). 
European settlement in SEQ commenced in 1840s with the establishment of towns such as 
Brisbane, Gympie, and Bundaberg (Fig. 23) which provide the oldest historical flood records. Land-
use change has occurred since with extensive conversion of native vegetation to agricultural and 
pastoral lands on the floodplains, while headwater catchments remain forested with native 
vegetation (Capelin et al. 1998).  
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4.2.1 Study catchments 
Three sites were selected across the three major catchments: the Burnett, Mary and Brisbane (Fig. 
23). These are representative of major drainages throughout the region spanning drainage areas of 
between 9500-33000 km
2
 and have mean annual rainfalls of between 650-2850 mm.  
The first site (Site 1) is located on Barambah Creek in the Burnett Basin (Fig. 24a, Table 12). 
The reach is laterally confined by Barambah Basalts into which the river has progressively incised 
since the lava flows ~ 600000 years ago (Willmott 1986). There are alluvial fill units inset within 
the main channel. Bedrock bars along the channel are exposed during low flow revealing a thin 
alluvial cover. The second site (Site 2) is located on the Mary River at Fisherman’s Pocket and is 
located 12 km downstream of the historical gold mining town of Gympie (Fig. 24b, Table 12). The 
selected SWDs sites are located in a laterally-confined, constriction reach where the river has 
incised into the resistant basaltic bedrock of the Gympie Group (Pointon and Collins 2000). The 
third site (Site 3) is located on Lockyer Creek, a tributary of the Brisbane River downstream of 
Wivenhoe Dam (Fig. 24c, Table 12). The upstream catchment area was the focal point of the 2011 
supercell storm, which generated an extreme flood causing significant in-channel scouring in the 
upstream reaches (Sargood et al. 2015; Thompson and Croke 2013).  
Channels in these sub-tropical catchments are characterised by a macrochannel morphology, a 
type of channel-in-channel form which can contain floods with Average Recurrence Intervals (ARI) 
of > 50 years (Croke et al. 2013). Recent research has shown that these semi-alluvial channels are 
laterally stable due primarily to fine-grain resistant boundary sediments or bedrock, and adjustment 
is often confined to within the boundary of the macrochannel (Fryirs et al. 2015; Thompson et al. 
2016). Floodplain and terrace chronological investigations in Lockyer Creek suggest the 
macrochannel formed, and has been locked into its current position, between 2000 to 7000 years 
(Croke et al. 2016; Daley et al. 2016).  
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Table 12. Reach and gauging gtation information 
 Site 1 Site 2 Site 3 
River Catchment Burnett 
River 
Mary River Brisbane River 
River/Creek name Barambah 
Creek 
Mary River Lockyer Creek 
Site/reach name Ban Ban 
Springs 
Fisherman’s Pocket Helidon 
Contributing area (km
2
) 5556 3095 357 
Nearest gauging stations 136207A    
(2 km 
upstream) 
138007A (3.5 km upstream); 
138020A (discontinued) (9.5 km 
upstream);              040776 
(discontinued); and  040993 (9.0 
km upstream) 
143203A,B,C (1.3 
km downstream) 
Gauge start year 1966 1910 1926 
Gauge length (years) 49 106 88 
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Figure 24. Reach and SWD settings for all 3 sites. 
Site 1, Ban Ban Springs, showing two SWD sites in red polygons, (1A) expansion zone behind lee of spur 
and (1B) small tributary backwater zone. Flow direction is from right to left. Photo: Study reach dominated 
by bedrock outcrops. 
Site 2, Fisherman’s Pocket, illustrating (2A) expansion zone behind lee of spur and (2B) tributary backwater 
zones in red polygons. Flow is from bottom right to top left. Photo: Silt line from 2015 flood used for 
hydraulic model calibration. 
Site 3, Helidon, illustrating an inset floodplain (red polygon) within the macrochannel boundary. Flow is 
from left to right and the exit of the bend marks the transition from bedrock-confined. Photo: Photo of 
macrochannel looking downstream with inset floodplain surface on left bank. 
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4.3 Methods 
Sites from the Burnett, Mary and Lockyer catchments were selected for slackwater investigation 
based on the following criteria: 
(i) located within 10 km of gauging stations and without major intervening tributary to enable 
hydraulic model calibration for palaeoflood reconstruction;  
(ii) located in reaches with flow confined by resistant boundary, mainly bedrock, in which all 
flood flow is contained;  
(iii) presence of features that promotes slackwater sediment deposition and preservation during 
flood flows, and; 
(iv) minimal colluvium deposition. 
Criteria (i) and (ii) were evaluated by desktop analysis while criteria (iii) and (iv) required field 
investigation of the slackwater setting and evaluation of the stability of the boundary conditions.  
4.3.1 Selected field sites 
At each site, a trench or pit was excavated and the soil stratigraphy was documented to include: 
depth, grain size, lamination, dip direction, bioturbation, and colour. These attributes are used to 
infer the nature of deposition and the minimum palaeoflood discharge required for sample 
deposition.  In the Burnett catchment, two slackwater settings along the tributary of Barambah creek 
were examined. Site 1A is located on the inside of a sharp bend where flow has formed a large 
scour pool twice as wide as the average channel width (50-100m), which is protected behind a 
basalt spur (Fig. 24a). A slackwater bench on the inner bend extends approximately 200 m 
downstream. An additional site (Site 1B) in the backwater zone of a tributary confluence is located 
~2 km upstream of Site 1A. An extreme flood occurred in 2013 and was the largest recorded in the 
nearest gauging station (136207A; 1967-present) located ~ 2 km upstream (Table 12).  A debris line 
from the 2013 flood was surveyed and used to calibrate the hydraulic model.  In addition, known 
stage heights of the 2013 and 2015 floods were provided by land owners for model calibration.  
Two slackwater settings were examined along a 1.5 km reach in the Mary catchment. Alluvial 
fill along the reach is exemplified by a bench within the macrochannel. Site 2A (Fig. 24) is an 
expansion zone behind the lee of a spur and Site 2B is on the upstream side of a tributary 
confluence. A prominent silt line from the 2015 flood (10
th
 largest on record) was surveyed for 
hydraulic calibration of stage height with the upstream gauging stations (Fig. 24, Table 12). The 
landowner provided elevations of the 2013 flood stage height (4
th
 largest on record), which was also 
used for hydraulic model calibration and palaeoflood reconstruction.  
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Site 3 on the upper-mid reaches of Lockyer Creek is located within a highly resistant and laterally 
stable reach of the river. Negligible channel change has occurred along this reach during recent 
extreme floods and throughout historical timescales (Fryirs et al. 2015) due to the resistance of the 
confining terrace material (Daley et al. 2016). The setting is a discontinuous floodplain unit set 
within the confining terrace in a channel expansion zone (Croke et al. 2013). 
4.3.2 Age dating 
Sediment samples were collected from each mapped flood unit for OSL dating and carbon materials 
are collected for 
14
C dating. The OSL samples were processed following procedures outlined in 
Aitken (1998). Single-grain equivalent dose (De) values were determined using the modified single 
aliquot-regenerative dose (SAR) protocol of Olley et al. (2004) in combination with the acceptance 
/ rejection criteria provided in Pietsch (2009). A burial dose (Db) from each population of single 
grain De values was calculated using the age modelling approach of Galbraith and co-workers 
(Galbraith and Laslett 1993; Galbraith et al. 1999; Roberts et al. 2000). 
14
C dating was used to 
supplement OSL dating. The carbon materials collected were analysed with Accelerated Mass 
Spectrometry 
14
C dating by Beta Analytic, following standard methods. The conventional age was 
calculated after Talma and Vogel (1993). The calibration to calendar years was carried out using the 
SHCAL13 database (Hogg et al. 2013).  
OSL and 
14
C dates are reported as a central age ±1 and ±2 sigma errors respectively. SWDs 
within error in the same reach are deemed as potentially the same flood and a pool mean age is used 
to prevent overlapping periods in the FFA (See 4.3.3).  
Palaeoflood discharges based on SWDs with ages beyond the last ~1000 years are not 
considered in the FFA. This is to avoid the effects of potential changes in the hydrological regime 
as a result of shifting climate regime. A significant change in climate has implications for 
hydrological conditions in terms of catchment antecedent moisture, rainfall intensity, frequency and 
magnitude. The region is believed to have shifted from a dry regime with short wet phases to a 
regime with frequent wet phases after 1000 cal. year BP (Woodward et al. 2014).  
4.3.3 Palaeoflood reconstruction 
Minimum flood magnitude for SWD inundation was derived using the one dimensional U.S. Army 
Corps of Engineers HEC-RAS hydraulic model (http://www.hec.usace.army.mil/) with input data 
and parameter settings in Appendix F. Cross-section surveys were extended upstream and 
downstream of each SWD site to minimise the effect of the set boundary conditions on the stage 
height. The calibrated model is then applied to determine the palaeoflood magnitude by iteratively 
increasing discharge until inundation of the SWD is achieved. 
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4.3.4 Testing for stable boundary conditions 
Geomorphic settings with stable boundaries such as bedrock reduce the likelihood of significant 
changes to the channel cross-sectional between floods. However, if channel boundaries erode or 
aggrade significantly, then reconstructed palaeoflood discharges may be under- or over-estimated.  
To evaluate the stability of the macrochannel boundary for potential cross-sectional change, 
additional trenches were excavated in the inset units to enable investigation of possible erosional 
contact layers, the depositional age and depth of sediment underlying a SWD deposit. The age and 
depth of sediment collected at various depths (i.e. upper and lower geomorphic units) also enabled 
the calculation of sediment deposition/accretion rates to determine potential changes in channel 
capacity since emplacement of the SWD. A uniform rate of deposition along the study reach is 
assumed. The respective accretion rates are applied to the time length since the oldest recorded 
palaeoflood deposition at the site. The depth of sediment is then removed from the geomorphic unit 
within the macrochannel. These adjusted cross-sections based on estimated cross-sectional area 
changes are used to compare the effects of potential boundary condition changes.  
4.3.5 Including available historical records 
Verifiable historical flood records were only available from the gold mining town of Gympie 
located near the Fisherman’s Pocket site (Site 2) in the Mary River catchment (Fig. 24). For the 
other sites, early settlement towns were located too far away to provide reliable historical flood 
information. Historical observations of major floods from Gympie extend back to the 1870s (Table 
13) and the records consist of marked flood heights on buildings, bridges and power poles. The 
stage-height marks have been calibrated to flood height and magnitude at the BoM gauging station 
(040993) located 9.0 km upstream of Site 2 at Kidd Bridge, Gympie (Fig. 24). The records were 
then converted to stage heights at the Fisherman’s Pocket station (138007A) which is ~3.5 km 
upstream. This was achieved by producing a cross-correlation linear equation between all available 
gauged daily peak stage heights (1998 -2005) from the Gympie station (138020A) and Fisherman’s 
Pocket station (Appendix E).  
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Table 13. Peak Stage Height of Major Floods in Gympie, Mary River 
Year Date Time 
Record 
type 
BoM station 040993 
Height (m) 
Fisherman’s Pocket 
Station 138007A Height 
(m) 
1870 11/03/1870 _ Historical 21.59 22.72* 
1889 29/07/1889  Historical 16.92 18.18* 
1890 25/01/1890 _ Historical 19.28 20.47* 
1893 04/02/1893 0300 Historical 25.45 26.48* 
1898 11/01/1898 2300 Historical 22.00 23.12* 
1955 28/03/1955 1730 Gauge 21.44 22.58 
1973 9/07/1973 0200 Gauge 19.61 20.80 
1974 28/01/1974 0500 Gauge 20.73 21.89 
1989 3/04/1989 2130 Gauge 19.65 20.83 
1992 22/02/1992 2100 Gauge 21.4 22.54 
1999 10/02/1999 0400 Gauge 21.95 23.07 
2011 11/01/2011 0500 Gauge 19.45 20.64 
2013 28/01/2013 1210 Gauge 19.98 21.16 
Historical Data provided by BoM. *Calibrated stage height 
4.3.6 Flood Frequency Analysis with Bayesian Inference method 
The Flood Frequency analysis (FFA) was computed using Bayesian inference in the FLIKE 
software (Kuczera 1999). The Bayesian inference methodology allows for (i) the integration of 
records outside the gauge period and (ii) data to be censored with the use of minimum/maximum 
discharge thresholds (http://flike.tuflow.com). Historical and palaeoflood data are added 
individually as a flood that occurred within a given time block. Each of these is an added censored 
data and there is no overlap in the time block for each of the censored data range.  
OSL/
14
C age range is first converted to AD years which provides the start- and end- year of 
the time block. The threshold value used here is the estimated discharge value (m
3
s
-1
) of the 
historical/palaeoflood data. Set as a minimum threshold value, this censors the rest of the years 
within the time period, i.e. a discharge of this magnitude has only occurred once within this 
period/time block. The minimum discharges are minimum threshold values because historical data 
are traditionally done by visual recording and may not necessarily represent the peak stage height. 
Minimal threshold is also used for estimating discharges of a palaeoflood since the reconstructed 
discharge is derived from the minimum stage discharge required to inundate the surface. 
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Five probability distribution models (Lognormal (LN), Gumbel, PE3, GEV, and GPA) were 
considered for each site. The selected model was based on the goodness-of-fit of all data within the 
90% confidence limits and the standard deviation of log10 discharge for the 1% AEP. 
The Multiple Grubbs and Beck (MGB) test was performed to evaluate probable effects of 
PILFs in the AMS. The evaluation of the change in uncertainty was based on the range of the 90% 
probability limit of the 1% AEP quantile. An increase in range was interpreted as an increase in the 
uncertainty, and vice-versa. 
4.4 Results 
4.4.1 Slackwater deposits and channel boundary identification  
The relative elevation of the SWDs to the channel and the site stratigraphic profiles are shown in 
Fig. 25.  Sampled SWDs range in size from silt to fine sand and typically were found overlying 
compacted and older deposits as demarcated by some palaeosol development. The stratigraphy 
consisted of predominantly horizontally bedded units, which were gradational and showed no 
distinct erosional contacts between units. There was a notable unit change between the upper, 
younger SDWs and the basal, older compacted units which showed some palaeosol development. A 
more detailed summary of the SWDs stratigraphy is provided in Table 14. 
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Figure 25. Representative channel cross-sections showing SWDs locations and boundary conditions. 
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Table 14. Summary of SWD stratigraphic descriptions 
SWD 
Unit 
Thickness 
(m) 
Grain Size Lamination Dip Bioturbation Boundary condition 
to lower unit 
Colour Remarks 
1A1 0.17 Fine to coarse 
silty loam 
No distinct 
lamination 
5º dip away 
from channel 
Minor Distinct (sharp reversal 
in grain size, 
compacted unit below) 
10YR3/4 Lens-shaped(levee) feature 
pinches away and 
downstream to channel 
1B1 0.19 Fine silty loam 
to very fine 
sand 
Poor 
lamination 
Nil Few roots Distinct (colluvium 
boulder deposit) 
10YR3/4 Palaeosol development in 
unit below 
2A1 0.1 Clay loam No distinct 
lamination 
<5º dip away 
from channel 
Few roots Poor (bioturbation, 
consolidated unit 
below) 
10YR5/6 Some charcoal staining, 
more compact than unit 
below (2A2) 
2A2 0.15 Silty-clay loam Poor 
lamination 
<5º dip away 
from channel 
Nil Distinct (colour, grain 
size, compacted unit 
below) 
10YR4/6 Sitting above a very compact 
clay loam layer (>0.5m) 
2B2 0.15 Silty-clay loam Poor 
lamination 
Nil 2cm diameter 
horizontal root at 
the top boundary 
Distinct (palaesol 
development) 
7.5YR5/8 Sitting above a thick clay 
loam compacted layer 
(>0.4m), with no laminations 
but occasional rounded sand 
and pebbles  
3A1 0.2 Fine sand No distinct 
lamination 
Nil Minor, few small 
roots 
Distinct (Palaeosol) 2.5Y8/2 Sitting above a 50 cm dark 
brown loam layer 
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4.4.1.1 SWD Chronology 
All SWDs samples included quartz, which proved suitable for single grain OSL dating with 
recovery ratios (the number of grains accepted vs the number of grains analysed) of 10 ± 5%. The 
majority of samples showed high over-dispersion (>20%) consistent with partial bleaching, hence 
these were analysed using the minimum age model (MAM). The remaining samples were analysed 
using the central age model (CAM). The age and depth of the six SWDs range from 165 ± 20 to 
1160 ± 90 OSL years (Table 15).  The age of the SWD at Site 1B (1160 ± 90) is just over 1000 
years and is also included in the Flood Frequency analysis (FFA). 
Table 15. Summary of SWDs and other geomorphic units’ depth and ages 
Site Unit ID SW setting Depth 
(m) 
Ages (y) 
1A 1A1 Expansion zone behind lee of spur 0.24 165±20  
1B 1B1 Tributary mouth  0.4 1160±90  
2A 2A1 Expansion zone behind lee of spur 0.35 260±50  
 2A2 Expansion zone behind lee of spur 0.52 375±85  
2B 2B2 Tributary mouth   0.35 600±90 
3 3A1 Expansion zone 0.3 270±35  
  Geomorphic units
#
   
1A 1AA1 Lower geomorphic unit 0.62 1520±120  
 1AA2 " 1.08 1830±160  
 1A2 Upper geomorphic unit >0.43 2470±200  
1B 1B2 - 1.10 3440±280  
2A 2A3 Upper geomorphic unit 0.6 3860±380  
 2A4 " 0.85 4810±410  
 2AA1 Lower geomorphic unit 1.00 200±30  
 2AA2
^ 
Lower geomorphic unit >2.25 1340±30  
2B 2B1* - 0.15 82±21  
 2B3 - 0.4 1850±180 
 2B4 - >1.00 4970±30 
3 3A2
+
 -  755±100 
#
 The upper and lower geomorphic units are used to differentiate the 2 pits at different elevations in the same reach 
^ 
20 
cm depth palaeosol between this and the unit above. * SWD excluded from FFA, interpreted as the included 1955 
historical flood. 
+
 Surveys before and after 2 largest floods (2011, 2013) showed no significant change. 
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4.4.1.2 Channel adjustment based on SWD elevations and ages 
Twelve additional sample ages and depths are used to determine changes in the channel boundary at 
the time of the palaeoflood and post-palaeoflood aggradation (Table 15, Fig. 25). These confirm 
that the SWD overlies much older (> 1000 year) surfaces (Table 15) and that within-channel 
aggradation rates range between 0.04-8.75 mma
-1
 (Table 16). 
Table 16. Range of accretion rates for various sampled units 
Site Unit rate (mma
-1
) 
1A Lower geomorphic unit 0.18-0.43 
1A Upper geomorphic unit 0.1-0.73 
1B - 0.2-0.65 
2A lower geomorphic unit 3-8.75 
2A Upper geomorphic unit 1.15-1.3 
2B - 0.04-0.12 
4.4.2 FFA 
Four probability distribution models (GEV, GPA, PE3 and LN) showed good fit with most data 
points within the relatively narrow 90% probability limits. The PE3 model provided the best fit for 
the FFA analysis of the 1% Annual Exceedance Probability (AEP) at Sites 1 and 2, while the GEV 
provided the best fit for Site 3. The standard practice of using a common distribution model that 
best fits the data for the majority of sites is not appropriate here given the limited number of sites. In 
addition, the newly revised ARR guidelines note the use of different distributions may be required 
for different circumstances (Kuczera and Frank 2016). The 1% AEP is used here to demonstrate the 
effects of change with the integration of historical and/or palaeoflood records. Other % AEPs and 
the posterior moments are provided in Appendix G. 
The MGB Test did not identify any PILFs at Site 1 on Barambah Creek and all records are 
used to estimate the magnitude of the 1% AEP flood of ~8800 m
3
s
-1 
(Table 17), which equates to a 
>10% reduction in the estimated discharge of the 1% AEP. More importantly, the inclusion of two 
palaeofloods reduced the uncertainty range of the 1% AEP by 62% (Fig. 26a). 
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Table 17. Summary of number of PILFs, 1% Annual Exceedance Probability and the associated 90% 
probability limits for all 3 sites 
Site PILFs Systematic Systematic + historical/palaeoflood 
1%AEP 
Estimated 
Discharge 
(m
3
s
-1
) 
90%  probability limits 1% AEP 
Estimated 
Discharge 
(m
3
s
-1
) 
90%  probability limits 
Lower 
(m
3
s
-1
) 
Upper   
(m
3
s
-1
) 
Lower  
(m
3
s
-1
) 
Upper  
(m
3
s
-1
) 
1 0 10020 3950 37300 8800 4850 17480 
2 23 7900 5800 12450 7400 6050 9350 
3 20 2200 1150 5600 1650 1050 3050 
 
The MGB Test excluded 23 outliers for the PE3 probability distribution model for Site 2 on the 
Mary River. The integration of 5 historical floods (Table 13) and the addition of three palaeofloods 
reduced the uncertainty range of the 1% AEP by 51% (Fig. 26c). The estimated discharge of the 1% 
AEP flood revised downwards (<7%) from 7900 m
3
s
-1
 to 7400 m
3
s
-1
 (Table 17). 
The MGB Test excluded 20 low outliers from the FFA at Site 3 on the Lockyer Creek. The 
uncertainty range of the 1% AEP reduced by 54% with the addition of one palaeoflood (Fig. 26c). 
The magnitude of 1% AEP flood also reduced significantly (~25%) from 2200 m
3
s
-1 
to 1050 m
3
s
-1 
(Table 17). 
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Figure 26. Changes to uncertainty range of estimated quantile based on the 90% probability limit up to the 
1% AEP flood. Left: FFA Results showing before and after integration of historical and/or palaeoflood 
records. Right: The reduction in uncertainty range for 1% AEP. 
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4.4.3 Sensitivity analysis of changes in cross-sectional area 
No erosional contact layers were evident in the SWD stratigraphy, but to evaluate the sensitivity of 
the palaeoflood magnitude estimates to possible erosion since deposition, the aggradation rates of 
the within channel features were used to project likely changes in within-channel unit elevation. 
Inferring from the age and depths of the SWDs and geomorphic units,   within-macrochannel 
depositional features indicate accretion ranging from 0.04 to 8.75 mma
-1 
(Table 16). This translates 
to a likely increase in channel cross section area of between 3.8-10.6% and a resultant reduction in 
the estimated minimum discharge from between 11.1 to 39.2% (Table 18).  
Table 18. Changes to estimated minimum discharges of the SWDs 
SWD 
 
Reach/River 
 
Estimated Minimum Discharge 
(m
3
s
-1
) 
% Reduction in 
Discharge 
Surveyed 
Cross-section 
Reduced   Cross-
section  
1A1 Barambah Creek 9000 8000 11 
1B1 Barambah Creek 9000 7600 16 
2A1 Mary River 6750 5400 19 
2B1 Mary River 3800 2400 37 
2B2 Mary River 3700 2250 39 
 
Site 1 in Barambah creek showed minimal changes to the estimated discharges despite a reduction 
in cross sectional area of over 10% (Fig. 27a). In the case of Site 2 in the Mary catchment, the effect 
of cross-sectional area changes remains within the 90% confidence limits of the initial FFA for the 
larger AEPs (Fig. 27b). The sensitivity analysis shows minimal effects for the infrequent 
palaeoflood estimation. Despite a reduction in estimated minimum discharges of up to 39% (Table 
18) required for inundation of the SWD surface, the effect of small cross-sectional area is reduced 
through the integration of this additional palaeoflood information into FFA. 
97 
 
Figure 27. Estimated Discharge Quantile (with reduced cross-sectional area) relative to current estimated 
discharge quantile and 90% probability limits for Site 1 and 2. 
4.4.4 Extending the application to past palaeoflood studies in continental Australia 
From the existing data base of palaeoflood records in Australia (Table 11), three sites met the 
criteria as outlined in section 3, and the palaeoflood records were integrated with the AMS of the 
nearest gauging station for FFA (Table 19). These show a reduction in the uncertainty range of the 
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1% Annual Exceedance Probability (AEP) of between 58-65% with the addition of 1-5 palaeoflood 
records (Table 19).  
Table 19. Application of existing palaeoflood records to FFA in other locations in Australia 
River Source Gauging 
Station 
No. of 
Palaeoflood 
records used 
Estimated 
Minimum 
Discharge 
(m
3
s
-1
) 
Probability 
Distribution 
Model 
Uncertainty 
Range 
Reduction   
(%) 
Margaret Wohl et al. 
1994a 
802198 1 5000 LPIII 58 
Fitzroy Wohl et al. 
1994a 
802055 1 10000 LPIII 60 
Herbert Wohl 1992 116004ABC 5 10000 LPIII 66 
4.5 Discussion 
Floods are a recognised global hazard and in many parts of the world, the ability to accurately 
project the frequency and magnitude of extreme flood is often severely limited by short gauging 
records (Merz et al. 2008). With gauging records routinely less than 50 years and often missing big 
floods, there is little certainty of projecting the frequency of these floods based on traditional FFA 
(Benito et al. 2004). For example, the 2011 flood at the Spring Bluff gauge (14219A) in Lockyer 
Creek, in SEQ was originally estimated as a 1 in 2000 year flood (0.05% AEP) (Rogencamp and 
Barton 2012). However, the inclusion of two recent floods (2011 and 2013) into the AMS resulted 
in a revised ARI of 55 years for the 2011 flood (Sargood et al. 2015). However, in some cases, short 
flood records may also contain an over-representation of extreme floods (Lam et al. 2016).  This is 
exemplified in site 2, where the inclusion of five high magnitude floods in the short 85-year period 
immediately prior to the gauge records resulted in an increase in the estimated discharge of the 1% 
Annual Exceedance Probability (AEP) (i.e. a decrease in the return period of a high magnitude 
flood). This reflects a scenario where too many high magnitude floods, over a relatively short 
record period, can create bias in FFA. 
The temporal extension of flood records through the integration of historical and palaeoflood 
records provides a means for improvement to FFA. Yet there remains reluctance to embrace the 
inclusion of such information and it is often founded in concerns about the inherent uncertainties 
associated with changing boundary conditions and more broadly the palaeoflood discharges. Early 
palaeoflood research, for example, focussed almost exclusively on bedrock-walled channels which 
are assumed to experience limited changes in cross-sectional capacity over time (Webb and Jarrett 
2002). However, the restricted distribution of bedrock gorges often limits the application of 
palaeoflood analysis in many parts of the world. The sensitivity analysis conducted to evaluate the 
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effects of channel boundary changes in this study, provides confidence on the use of incorporating 
historical and palaeoflood data with systematic gauge records to improve flood-frequency estimates 
in a more widespread physical setting. The improved FFA results provide better information in a 
wide range of water-resources investigations and applications. The macrochannel morphology tends 
to be associated with regions of high hydrological variability (Croke et al. 2013) and have been 
shown here to be a useful setting for further exploration of palaeoflood studies. 
Other uncertainties associated with the integration of palaeoflood and historical flood records 
with gauge records include: (i) slackwater deposits preservation; (ii) OSL dating resolution; (iii) 1D 
flow modelling and; (iv) reconstruction of palaeoflood magnitudes. Although there is much concern 
about the completeness of the stratigraphic record in wide alluvial settings (Sadler 1981), it is well 
established that slackwater zones are the optimum location for the preservation and accumulation of 
palaeoflood deposits (Baker 1987). This is routinely supported by accompanying stratigraphical 
information which may indicate between-flood erosion or flood unit removal. In this study, the 
stratigraphy of the SWDs sampled showed no erosional contact layers and the record is assumed to 
be reasonably well preserved. However we cannot discount the occurrence of a flood which 
removed past SWD. The other concern is that the application of the SWD approach only records 
sediments of greater magnitude floods and hence does not provide a complete flood record. The 
Bayesian Inference approach circumvents this issue by working with additional information (i.e. 
historical and palaeoflood records) rather than ‘complete’ information. 
Uncertainties in the hydraulic modelling were minimised at the study sites by using sites in 
close proximity to streamflow-gauging stations. The presence of debris lines and stage height 
information from land owners provided further means to improve the calibration of flow hydraulic 
modelling. The underestimation of the palaeoflood discharge can result from the use of the depth of 
deposition as the stage height and has been shown to range between 9-20% (e.g. Kochel et al. 1982; 
Ely and Baker 1985; Erskine and Peacock 2002). The use of a minimum threshold value as the 
palaeoflood discharge in FLIKE partly addresses this concern and reduces some of the uncertainties 
of a 1D hydraulic model.  
4.5.1 Improving Flood Frequency Analysis 
Increasing attention has been given to developing alternative measures to improve uncertainty in 
flood frequency projection. The science of palaeoflood hydrology is well established and growing 
global databases are increasingly recognised as an essential contribution to improved flood 
prediction. For example, Sheffer et al. (2003) compared the upper tail extrapolation of Flood 
Frequency Analysis (FFA) before and after the incorporation of palaeoflood and historical flood 
records in the Ardèche River, France. Greenbaum et al. (2014) integrated palaeoflood records from 
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the Colorado River into FFA and noted that the PMF had a recurrence interval of 1000 year and that 
the use of only gauged records underestimates the frequencies of extreme floods. Wasson (2016) 
also argues that including palaeoflood and historical data reduces aleatory uncertainty through 
improved statistical analyses.  In this study, we sought to quantify the change (or improvement) to 
the FFA of the expected discharge estimate of the 1% AEP flood. The integration of historical 
and/or palaeoflood records in this study also shows that changes to the return period of high 
magnitude floods occurs with the use of additional data and importantly, reduces uncertainty in the 
estimated discharge of the AEPs.  In contrast, the integration of palaeoflood records across all the 
sites showed a reduction in the discharge estimates for all return periods. This reflects a lack of 
extreme floods in the short gauging records and translates to an overestimation of the design flood’s 
discharge, one typically used for risk assessment and planning. The reduction in the range of the 
90% limits of all AEPs across all three sites provides greater confidence in the use of FFA for flood 
forecasting.   
Despite being recommended in the national guidelines for flood design, such as in ARR 
(Kuczera and Frank 2016), these additional sources of flood data are not routinely used. It is often 
incorrectly assumed, for example, that palaeoflood studies require large numbers of samples and 
this is used to prevent the widespread implementation of the approach. On the contrary, this study 
highlights the significant contribution of relatively few palaeoflood records into FFA in Australia 
and provides a clear justification for the inclusion of this methodology in subsequent flood 
predictions. 
In Australia and other regions, where historical records are short, the significance of 
palaeoflood records in improving FFA becomes more urgent. Palaeoflood studies provide data to 
extend short gauged records and improve regional understanding of flood frequency. For area with 
limited gauge records, palaeoflood studies can provide information on large floods at a fraction of 
the cost and time of adding new gauges and waiting decades for data. While the number of studies 
reporting the beneficial effects of extending the flood record, both through historical and 
palaeoflood data, has increased, there remains some resistance to the adoption of this approach 
within the hydrological community. Much of this resistance reflects concerns regarding (1) non-
systematic data and (2) non-homogeneous data (Benito et al. 2004). The first issue is dealt with by 
using the Bayesian Inference approach.  The latter, associated with climate and landuse change, is 
an increasing concern as noted in the recent literature (e.g Milly et al. 2008; Ishak et al. 2013; Yu et 
al. 2015). Greenbaum et al. (2014) argued that using only short gauging records assumes 
stationarity in climate into the future. Therefore, the issues of climate change and land-use change 
are not only limited to historical and palaeoflood data, but are relevant to all flood data. The extent 
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of non-stationarity in climate remains to be better understood. Nonetheless, to avoid significant 
implications of a different climate regime in the past, a conservative approach to exclude 
palaeoflood data from more than ~1000 year ago was adopted in this study.  
4.6 Conclusions 
The inclusion of historical and palaeoflood records with gauge records for at-site flood frequency 
analysis significantly reduces the uncertainty associated with the estimated quantile of a given flood 
magnitude. The Bayesian Inference methodology used in this study is flexible enough to 
incorporate palaeoflood records into FFA and even limited data makes a significant contribution to 
flood frequency prediction and increases confidence in flood risk management and planning in this 
region.  
This study also highlights that the approach should not be limited by the availability of 
bedrock gorge sites. Sensitivity analysis shows that FFA is not significantly affected by within-
channel boundary changes in confined semi-alluvial channels used in this study. Hence, these 
channel settings increase the potential range of sites for palaeoflood reconstruction. This study 
provides a foundation to promote the incorporation of palaeoflood hydrology for water-related 
issues (e.g. flood risk mapping) by engineers, planners and managers. 
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CHAPTER 5: 
Challenges and Opportunities in Australia’s Flood Risk Management Journey: 
Why It Is Now Time to Embrace Palaeoflood Hydrology 
 
 
*The manuscript version of this chapter is currently under review with Hydrological Sciences 
Journal 
Summary 
This chapter discuss the role and application of palaeoflood hydrology in Australia’s flood risk 
management 
Highlights 
 This chapter provides an overview of flood risk management highlighting the progress and 
contemporary challenges in Australia and globally. 
 The lack of research in palaeoflood hydrology in Australia and the lack its applications flood 
risk management globally are demonstrated. 
 This chapter provides practical recommendations for the application of palaeoflood 
hydrology in flood risk management 
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Abstract  
Floods are Australia’s most costly natural hazard. The focus of flood risk management has changed 
significantly in recent decades both in response to the increased frequency of extreme flood events 
and also with the realisation that engineering structures alone are insufficient to safe guard assets. 
This paper examines some contemporary challenges in flood risk management in Australia and 
provides the context and justification for palaeoflood hydrology as a key contribution to future 
flood risk management. With climate models showing evidence of increasing incidences of extreme 
flood events, this paper suggests that maybe it is time to use the past as an archive of the frequency 
and magnitude of flood events to better improve predictions and forecasting. This paper concludes 
with practical recommendations for the next phase of flood risk management in Australia including 
the integration of palaeoflood records for flood frequency analysis and the development of a 
national palaeoflood database. 
 
 
 
Keywords: Flood risk management, palaeoflood hydrology, Australia, extreme flood, uncertainty, 
Flood frequency analysis, risk perception, flood risk assessment, climate change 
  
104 
5.1 Introduction 
In the last twenty years (1995-2014), floods have affected 2.3 billion people globally and incurred 
economic damages of US$662 Billion (CRED 2015). In Australia, the 2010/2011 floods in 
Queensland alone affected 2.5 million people with ~80% of the State declared a disaster zone 
(QFCI 2012). Improving our understanding of flood risk is now more crucial than ever to protect 
the lives of growing populations, infrastructure and economies. 
While floods are a recognised global problem, it is clear that there is no global or one-size-
fits-all technique for flood risk management. Approaches vary across locations and through time. 
Increased incidences of large flood events globally, however, have prompted a paradigm shift in the 
management of floods. Traditionally, flood management involved engineering-designed protection 
measures introduced following a flood to prevent, or lessen, future flood disasters (Table 20). This 
style of management often saw the widespread construction of flood levees and reservoirs as the 
primary means to ‘control’ floods. However, the repeated cycle of ‘flood disaster - leeve 
construction - flood disaster’ (Tobin 1995) demonstrated that engineering solutions alone were not 
sufficient and calls were made to incorporate non-structural measures (FEMA 1986). During this 
period, flood protection was largely ‘reactive’ and focused on removing the problems of the flood 
itself rather than adapting to it through greater resilience (Table 20) (Hartmann and Albrecht 2014). 
Flood protection today adopts more ‘proactive’ approaches to flood risk management, where non-
structural measures including landuse zoning, better forecasting, and warning are increasingly being 
incorporated into flood management (Table 20) (Wehn et al. 2015). This shift in approach is well 
illustrated in the changing practices of flood management in the Netherlands, a country with 60% of 
its land flood prone (Slomp 2012). Here traditional practices such as the construction of high dikes 
is now supplemented by two additional ‘safety layers’: including spatial planning to reduce flood 
risk (e.g. not building in flood prone areas; building codes for floating houses) and the routine use 
of flood alerts, evacuation response and recovery (Slomp 2012). Flood management in Australia has 
followed a similar transition from traditional engineering flood protection measures such as levee 
construction in the mid-19
th
 century, to the recent consideration of community exposures and 
vulnerabilities (AEMI 2014). Best management practice for flood risk in Australia are well 
outlined, for example, in the new handbook – ‘Managing the floodplain: a guide to best practice in 
flood risk management in Australia’ (McLuckie 2013; AEMI 2014).  
Flood risk management in Australia and across the globe now also adopts a more holistic and 
integrated approach (Jha et al. 2012; Hartmann and Albrecht 2014) whereby ‘integrated’ comes in 
the form of a ‘whole systems’ approach involving consideration of the people, infrastructure and the 
natural environment (Sayers et al. 2002; Hall et al. 2003).  This integrated approach is reflected in 
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the increased involvement of all stakeholders encouraging greater public participation in decision 
making and a move away from the traditional top-down approach of control within a single agency 
(e.g. the government) (Pearce 2003) (Table 20). 
Flood risk management is now commonly assessed in terms of three major components: the 
likelihood of a flood occurring; the exposure of the community and properties to a flood, and their 
vulnerability to a flood (Fig. 28). The likelihood of flooding is a measure of the probability that a 
given flood magnitude (height/flow) will be exceeded in any given year. These flood estimates are 
derived from flood modelling and the underlying mechanism to achieve this is the Flood Frequency 
analysis (FFA). Gauge record is typically used to derive the return period and its inverse, the 
Annual Exceedance Probability (AEP). Two main types of FFA exist: at-site and regional. The 
former is the most direct method but its accuracy is often hindered by short length of flow records 
(Rahman et al. 2013). The latter is used in areas with limited or no flow records, and requires the 
derivation of homogenous regions for regional flood estimation. Conducting FFA is a fundamental 
step for any flood risk evaluation (Payrastre et al. 2011) (Fig. 28). Exposure refers to the exposure 
of elements including people, property and systems in flood hazard zones that are subject to 
potential losses (UNISDR 2009; Cardona et al. 2012). A quantitative approach to assess exposure 
can include the number of people and the type of assets in the area (UNISDR 2009). Vulnerability 
is the characteristics and circumstances of the people, the infrastructure and other elements that 
make them susceptible to the flood (UNISDR 2009). Vulnerability encompasses a broad context 
including sociocultural, economic, environmental and political dimensions, and can be assessed 
based on, but not limited to, age, gender, ethnicity and income level (UNISDR 2004). 
While estimates of vulnerability and exposure are relatively straight-forward to acquire 
through census data (e.g. population density, age, housing type) and flood risk maps respectively, 
the most uncertain component of flood risk management remains our ability to accurately predict 
the likelihood of flood occurrence. Without improved ability to predict flood frequency, recent 
changes in flood risk management will regrettably remain largely cosmetic.  
A fundamental challenge that remains in flood risk management and planning, therefore, is 
the problems associated with short gauging station records (Benito and Diez-Herrero, 2015). One 
approach which has shown considerable promise in addressing this issue is the inclusion of 
palaeoflood data in the FFA. However, although early studies in palaeoflood hydrology highlighted 
the potential of this approach to contribute to improved flood risk management, progress has been 
slow in terms of the routine integration of these data in flood predictions. This is especially so in 
Australia, a country which climatically sees repeated occurrences of extreme flood events and 
droughts (Whetton et al. 1993). This may reflect the persistence of two key issues; (a) the lack of 
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awareness about the approach from the engineering-community and/or (b) persistent scepticism 
regarding the accuracy and uncertainties of using palaeoflood data in flood risk management. The 
objectives of this paper, therefore, is to firstly provide a brief overview of palaeoflood hydrology 
specifically as it relates to improving estimates of flood probability in flood risk management; 
secondly to examine some contemporary challenges in flood risk management in Australia and 
outline ways in which palaeoflood hydrology can alleviate these them. We conclude with proposing 
some practical recommendations for future flood risk management in Australia. 
Table 20. Summary of key changes with the paradigm shift from flood protection to flood risk management 
(modified from Pearce 2003) 
From Protection (response management) To Risk management 
Responsive Proactive  
Hard engineering solutions  
(e.g. dikes, leeves) 
Include ‘soft’ measures  
(e.g. landuse zoning, storm forecasting, 
insurance) 
Flood as focus (exposure) Vulnerability and resilience are included 
Focus on single event  
(pre-defined design flood,  
most recently largest flood) 
Focus on whole spectrum of flood magnitudes 
Single agency (e.g. government) Multi-stakeholders (e.g. government, 
engineers, flood hydrologist, public, insurance 
industry)  
planning for the communities planning with the communities 
communicating to  communities communicating with communities 
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Figure 28. Conceptual Model of flood risk management from observation to control.  
5.2 Palaeoflood hydrology overview 
Palaeoflood Hydrology is an interdisciplinary science of reconstructing large flood events prior to 
systematic measurements (Kochel and Baker 1982; Baker 1987), reviewed recently by Baker et al. 
(2002); Benito et al. (2004); Baker (2008) and ; Benito and Diez-Herrero (2015). The science has 
progressed significantly in the last 30 years (Gregory et al. 2015) primarily through the inclusion of 
slackwater deposits (SWDs) as flood PSI. SWDs are deposited and preserved in low energy areas 
away from the main channel flow during high stage events (Benito & Thorndcyraft, 2005). These 
deposits are typically fine- to coarse-grains sediments that are emplaced when reductions in flow 
cause deposition. Traditionally, these sedimentary flood units (palaeofloods) are dated using 
radiocarbon dating from materials embedded within the flood units but increasingly now high-
resolution dating techniques such as OSL are preferred. The dating provides some estimate of the 
timing of these palaeofloods while the minimum discharge required to emplace the sediments is 
reconstructed from hydraulic modelling (e.g. HEC-RAS (http://www.hec.usace.army.mil/)) and 
provides indications of the magnitude of the palaeoflood. 
The spatial distribution of palaeoflood studies undertaken globally since the discipline 
developed ~ 30 years ago is summarised in Fig. 29. A total of 298 research publications were 
extracted from a SCOPUS database search using the key word ‘palaeoflood’. Since the pioneering 
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palaeoflood studies undertaken in arid/semi-arid regions of the United States in the 1980s, there has 
been a significant increase in work undertaken in Europe. This can be partly attributed to the 
European funded SPHERE (Systematic, Palaeoflood and Historical data for the improvEment of 
flood Risk Estimation) project (http://cordis.europa.eu/project/rcn/52072_en.html) which has made 
significant progess in reconstructing palaeoflood and historical records, associated palaeoflood 
discharge estimations and their integration into FFA. This European effort represents the first 
government-led effort to improve long-term flood data and produced a central repository of 
palaeoflood information available for use. 
More recently, there has also been a significant increase in studies in Asia which has seen an 
expansion of the technique from the Indian Peninsula to mainland China. Palaeoflood studies in 
China have also become a complementary method for dam constructions and evaluations, and 
palaeoflood data are increasingly applied in hydrologic engineering (Liu et al. 2016). The rapid 
increase of palaeoflood studies in China (Fig. 29) illustrates the increasing potential of palaeoflood 
hydrology and its application to flood control and flood risk management. In contrast, there has 
been almost no progress in the application of the technique in Australia (Fig. 29). Although 
palaeoflood data is recognised as comparable to other estimates that require extrapolation of the 
rating curves (Kuczera and Franks 2016), they are not used in any practical application of FFA. 
This may stem from the misperception that palaeoflood studies can only be undertaken in upland 
bedrock gorge settings where initial work illustrated favourable conditions of stable boundary 
conditions. Lam et al. (2017), however, recently investigated the application of palaeoflood records 
outside bedrock settings in Southeast Queensland (SEQ), Australia and found the changes in 
estimated discharges of most flood quantiles to be within the uncertainty of assumptions made in 
bedrock settings. This work concluded that there is considerable potential of palaeoflood SWD 
preservation outside bedrock settings.  
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Figure 29. Palaeoflood studies grouped by regions from 298 publications extracted from SCOPUS database 
with the keyword “pal(a)eoflood”. *75 non location-specific publications were excluded. 
5.3 Contemporary challenges of flood risk management in Australia 
In Australia, floods cost an estimated A$377 million per annum (Middelman-Fernandes 2009) and 
the 2010/2011 extreme events in the more populated parts of the eastern seaboard, cost the 
Australian economy ~A$30 Billion (Australian Government 2015). Some of the main challenges of 
flood risk management are those associated with (a) the impact of a changing climate, including 
uncertainty associated with current estimations due to insufficient flow records, (b) changing 
perceptions of risk from the public and finally, (c) the lack of consolidation in flood risk 
management resources. 
5.3.1 Flood risk management in a changing climate  
IPCC’s SREX (IPCC 2012) noted that there have been statistically significant trends showing more 
regions experiencing an increase in the number of extreme rainfall events. These regions may 
experience more frequent and more intense storms and floods in the future, with frequency and 
magnitude beyond the current existing records. Many of the observed changes in climate since the 
1950s are documented as unprecedented (IPCC 2014). A key concern is the uncertainty associated 
with predicting the impacts of future climate (Hallegatte 2009) because using only gauge records 
for design floods and flood risk management assumes stationarity in climate into the future 
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(Greenbaum et al. 2014). Another major concern is the non-stationarity in flow data used for FFA 
and its effect on the resultant design floods which will change over time (Merz et al. 2010). 
There is increasing number of studies that address the non-stationarity in FFA but challenges 
remain (e.g. Khaliq et al. 2006; Villarini et al. 2009; Seidou et al. 2012; Bender et al 2014; Vittal et 
al. 2015). For example, Vittal et al. (2015) proposed using multivariate FFA that takes other flood 
characteristics (e.g. flood volume and duration) into considerations, but this assumes the input 
variables belong to the same statistical distribution and increases the complexity and uncertainty of 
FFA beyond those assumptions of climate non-stationarity (Serinaldi and Kilsby 2015). Non-
stationarity in the data also exists in the form of seasonal variability, interdecadal variability or even 
longer timescales. In Australia, non-stationarity in the flow records is well recognized and the 
association made with variability in climatic drivers is well established (e.g. Kiem et al. 2003; 
Verdon et al. 2004; Micevski et al. 2006; Pui et al. 2011; Ishak et al. 2013; Kiem and Verdon-Kidd 
2013). For example, Kiem and Verdon-Kidd (2013) demonstrated that changes in AEP are related 
to El Niño Southern Oscillation (ENSO) and further modulated by the Interdecadal Pacific 
Oscillation (IPO).  
Non-stationarity in data exists therefore even prior to the incorporation of additional temporal 
flood data. The adoption of a longer temporal data resolution, through incorporating palaeoflood 
records, may better accommodate known climate cyclicity. For example, a millennial–scale 
reconstruction of flooding in the Lockyer Valley in SEQ revealed association between periods of 
increased flood frequency during periods of significant IPO negative phases (Croke et al. 2016b).  
Understanding the influence of interdecadal climatic variability allows for better appreciation of 
bias in short flow records, as the limited flow records may be “a limb (in) a longer term cyclical 
fluctuation” (Gregory et al. 2008, p. 165). 
5.3.2 Uncertainty in design flood as a result of short flow records 
Historical and palaeoflood records are increasingly integrated to FFA as additional temporal data 
(Benito et al. 2015). These high magnitude records provide a better representation of the upper-tail 
distribution of floods (e.g. Pekárová et al. 2013; Macdonald 2013) and reduce uncertainties of the 
estimated flood quantiles (e.g. Harden et al. 2011; Lam et al. 2017). Palaeoflood records in many 
parts of the world are estimated to be of greater magnitude than the nearest gauge and historical 
records (e.g. Wohl 1992a; Erskine and Peacock, 2002; Sheffer et al. 2008) and even the PMF (e.g. 
Greenbaum et al. 2014) which highlights the non-stationarity in climate and hence flow data. The 
addition of these non-homogenous records as a result of climate variability is a known concern 
(Benito et al. 2004). Toonen (2015) noted that the use of just short gauge records is deceptive and 
more records, even less precise data in the form of historical and palaeoflood records, can better 
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constrain flood quantiles. In subtropical Queensland, Lam et al. (2016) demonstrated the potential 
of additional extreme flood information for at-site FFA. Using the PREC approach, ~ 60% of the 80 
gauges investigated showed significant changes (increase/decrease) to the 1% Annual Exceedance 
Probability (AEP) flood quantile and this is increased to ~75% for the estimate of the 0.1% AEP 
flood quantile. This approach has shown that regional extreme flood data from homogenous regions 
can help improve at-site FFA but they are dependent on the ‘capture’ and availability of these 
extreme flood records by the other gauges, many of which also have short gauge records. In 
contrast, palaeoflood records can provide a more representative ‘flood experience’ and the 
integration of non-systematic flow records (i.e. palaeoflood and/or historical records) have been 
demonstrated to reduce the uncertainties associated with the 1% AEP flood quantile by over 50% in 
SEQ, Australia (Lam et al. 2017).  
Whether it is flood prediction for design engineering purposes or flood forecasting for 
warning purposes, the apparent short systematic records throughout many parts of the world 
remains a huge challenge in flood risk management. Reliable flood estimates through FFA is not 
limited to understanding the likelihood of a flood but is also the foundation to reduce exposure and 
vulnerability of communities to flood. Integration of palaeoflood data is seen as a critical step in 
better flood risk management in Australia.  
5.3.3 Risk perception in flood risk management  
Flood risk management is traditionally grounded in science, mathematics and economics and 
governed by cost-benefit analysis (Nobert et al. 2015). It is often poorly communicated to the public 
and this can result in a misconception of flood risk. For example, the commonly used term of the ‘1-
in-X year flood’ used to describe the magnitude of a flood is often misunderstood. To illustrate, a 1-
in-100 year flood is often thought to be a flood that occurs once every hundred years, when in 
reality it is a flood which has a 1% chance of occurring or being exceeded in any given year. In 
addition, AEP is rarely used by the media and therefore, the perception of extreme floods remains 
associated within a time-scale of beyond one’s lifespan (Box et al. 2016). As such, it is now thought 
that the AEP is a better way of communicating this probability but in reality many communities 
remain confused by this terminology (Ball et al. 2016). Flood risk perceptions have been recognised 
as an important component of flood risk management (Bubeck et al. 2012). Perception of risk is 
believed to affect people’s preparedness, responses and recovery for disasters (Xu et al. 2014). 
Awareness of flood risk is positively influenced by previous flood experience (Bradford et al. 
2012), but people’s memory of floods tends to be short (Viglione et al. 2014) which directly affects 
the risk perception of floods over time. As such, people that go through long periods without 
experiencing floods will have reduced awareness and lowered perception of flood risk (Burn 1999). 
112 
For example, Box et al. (2013) surveyed four groups of stakeholders in the east coast of Australia, 
across four high flood risk areas, namely local government; emergency services, insurance industry 
and local residents, and found that the first three groups were all concerned about complacency 
amongst the local residents. The study reviewed that lack of knowledge (i.e. no prior flood 
experience), lack of memory of previous floods (i.e. short term memory of people) and flood events 
being smaller than expected floods are the mains reasons for the complacency. In addition, the 
construction of the Wivenhoe Dam on the Brisbane River, upstream of the city’s CBD after the 
historical 1974 flood contributed to complacency of flood risk among residents during the recent 
flood events in 2011 (Box et al. 2016). 
5.3.4 Unconsolidated flood risk management resources 
Flood risk management practice varies greatly across Australia at regional and local levels, largely 
because of differing societal, governance and resourcing priorities (AEMI 2014). It is further 
complicated by the three-tiered system of governance: from federal, state and territorial, to local 
government (Box et al. 2013). Federal government does not interfere with flood planning but 
focuses on providing funding for flood mitigation and disaster recovery (Box et al. 2013). Laws are 
legislated at state or territorial level, and specific planning decisions are made at the local 
council/government level following state legislation (Doyle and Kellow 1995; Box et al. 2013). 
This political complexity is commonly reflected in the nature and quality of flood risk information. 
For example, the Natural Disaster Insurance Review commissioned in response to the 2010/2011 
devastating floods across Eastern Australia, highlighted the inconsistency in both the collection and 
dissemination of flood risk information (Geoscience Australia 2016). This in turn led to the 
establishment of the National Flood Risk Information Project (NFRIP) which seeks to improve the 
quality and accessibility of flood information across Australia (http://www.ga.gov.au/scientific-
topics/hazards/flood/nfrip). Products from this initiative include an online portal for flood risk 
information (http://www.ga.gov.au/flood-study-web/#/search) developed from the Australian Flood 
Studies Database (AFSD), which includes a consolidated nationwide database of existing flood 
studies and relevant metadata, including flood maps.  ii) revisions and updates to the the national 
guidelines for flood design as stipulated in ARR (http://arr.ga.gov.au/arr-guideline/books-and-
chapters) – and iii) a new website service (http://www.ga.gov.au/interactive-
maps/#/theme/water/map/wofs) which illustrates  historical surface water observation from space 
(WOfS) since 1987 to provide a spatial analysis of the frequency of surface inundation. These 
initiatives are a step in the right direction in providing better resources to improve our 
understanding of flood risk in Australia in a consolidated manner.  
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5.4 Recommendations for future Flood Risk Management in Australia 
Palaeoflood hydrology has the potential to address the key challenges in flood risk management in a 
variety of ways. Here we provide recommendations for Australia but they can, or may already have 
been, applied in other parts of the world.  
5.4.1 Integrate palaeoflood records in FFA 
Extension of temporal flood information can provide valuable flood information and a more reliable 
design flood estimate for FFA. The lack of gauge records can be resolved with the integration of 
historical and/or palaeoflood records. However, the role of historical records in providing temporal 
extension of records is limited in Australia, although there remains untapped potential to extend 
historical records from Indigenous oral histories and other non-systematic sources. Unlike historical 
floods, palaeofloods are neither limited by time nor by locations of past human observations (Baker 
1987). Therefore it can compensate the temporal and spatial limited historical records available in 
Australia.  
While the expansion of the global palaeoflood database is a positive contribution in itself, 
only a handful studies extend application of the approach to improved flood risk management (e.g. 
Bodoque et al. 2015; Himmelsbach et al. 2015). However, there is growing evidence to support the 
more widespread adoption of the approach in flood frequency prediction. For example, the United 
States Geological Survey (USGS) has recently produced a new draft guideline for determining 
flood flow frequency (Bulletin 17C) which includes palaeofloods as a data source and details 
methods to incorporate them into frequency analysis (e.g. Harden et al. 2011; Kohn et al. 2016). 
This has been facilitated by the development of revised analytical models such as FLDFRQ3 and 
PeakfqSA which can be used to integrate palaeoflood records into FFA. Palaeoflood records are 
now also recognised as being extremely useful in dam evaluation and design. For example, a USGS 
palaeoflood study to assess risk of large floods to dam safety in Cherry Creek Basin, Eastern 
Colorado found the probable maximum flood (traditionally used for dam evaluation and design) 
estimates to be about six to eight times larger than palaeofloods in the basin (Jarrett, 2000). This 
had a significant contribution to cost reduction in dam construction. The application of palaeoflood 
data for dam safety and other infrastructure designs are also undertaken by other agencies in the 
United States, including the Bureau of Reclamation (USBR) (e.g. Report No. DSO-03-03; DSO-11-
03), and the United States, Army Corps of Engineers (USACE) whom in October 2014 issued 
technical guidance to the use of palaeoflood information in its planning and operation (Technical 
Letter No. 1100-2-2). Overall, in the United States, many agencies now have substantive programs 
for the incorporation of palaeoflood hydrology to risk assessment (USAEC 2003).  
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In spite of global progress, there are only a handful of studies that attempted to incorporate 
palaeoflood records in FFA in Australia (e.g. Baker and Pickup 1987; Wohl et al. 1994a; Lam et al.  
2017). Lam et al. (2017) were the first to evaluate the reduction in uncertainty in the flood quantile 
estimates. The incorporated palaeoflood records with gauge records for at-site FFA at three sites in 
subtropical Queensland demonstrated that this resulted in over 50% reduction in uncertainty of the 
estimated 1% AEP flood quantile. In terms of climate change and non-stationarity in the future, the 
integration of palaeoflood records can only provide some more realistic flood magnitude under the 
scenario of a more frequent and intense hydrological event. 
The recommendation here is for a national adoption of palaeoflood hydrology in all flood risk 
management primarily through the integration of palaeoflood records into FFA. This has important 
implications for improving the design flood and reducing its uncertainty. It will make flood risk 
maps more accurate and have positive flow-on-effects for the design of other engineering flood 
protection measures based on a given design flood magnitude. 
5.4.2 Establish a national database for palaeoflood records 
In a continent the size of Australia, it is unlikely palaeoflood studies can or will be undertaken 
across every catchment in every state. However, it is clear that for the above recommendation to be 
effective, we need to share both existing studies and to identify priority areas for the collection of 
additional data based on other metrics of exposure and vulnerability. A repository of palaeoflood 
records will, therefore, be an important tool and there are examples of this sort of database and 
central repository already in place around the world (e.g. South-western, United States (Harden et 
al. 2010); United Kingdom (Johnstone et al. 2006), Poland (Starkel et al. 2006); Spain 
(Thorndycraft and Benito 2006). Currently, the Australian flood risk online portal has the potential 
to house such a database and its associated metadata. Alternatively, an independent database can be 
created for palaeoflood studies across Australia which would be open access, and made available to 
all. Table 21 shows a list of existing Australian palaeoflood studies based on the dating of SWDs 
only, while Fig. 30 shows the spatial distributions of these studies in Australia.  There are also other 
historical/palaeo- flood studies that can be included in this expanded repository. These can provide 
the foundation for future work to prioritise research in this discipline and generate more records for 
this database. 
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Figure 30. Spatial distribution of existing palaeoflood slackwater deposits studies in Australia.
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Table 21. Summary of existing palaeoflood studies in Australia 
S/n River State Basin 
Catchment 
area  
(km
2
) 
Bioregion^ 
Dating 
technique* 
No. of 
palaeofloods 
Largest 
palaeoflood 
discharge 
(m
3
/s) 
Source 
Year of 
publication 
1 Katherine NT Katherine 6390 tropics C
14
 3 - 5 6300 Baker et al. 1985 
         
Baker and Pickup  1987 
2 Katherine NT Katherine 6390 tropics C
14
 ≥ 6 > 7000 
Sandercock & 
Wyroll 
2005 
3 E Alligator NT E Alligator 2000 tropics C
14
 5 2900 Wohl et al. 1994a 
4 Finke NT Finke 6000 desert C
14
 7 8200 Pickup et al. 1988 
         
Wohl et al. 1994a 
5 Lennard WA Lennard 1200 tropics TL and C
14
 5 2600 Gillieson et al  1991 
6 Herbert QLD Herbert 5500 tropics 
C
14
, 
boulder  
6 17000 Wohl 1992a 
7 Burdekin QLD  Burdekin 114700 tropics C
14
 7 30000 Wohl  1992b 
8 Nepean NSW Nepean 11000 temperate C
14
 >1 
166000 +    
8 metre 
Saynor and Erskine 1993 
9 Fitzroy WA Fitzroy 35000 tropics C
14
 4 - 6 30000 Wohl et al. 1994b 
10 Margaret WA Margaret 7800 tropics C
14
 4 - 13 20000 Wohl et al. 1994b 
11 
Wollombi 
Brook 
NSW Hunter 1064 temperate C
14
 3 6200 Erskine & Peacock 2002 
12 
Barambah 
Creek 
QLD  Burnett 5556 subtropical OSL 6 9000 Lam et al. submitted 
13 Mary QLD  Mary 3095 subtropical OSL 7 - 8 6750 Lam et al. submitted 
14 Emu Creek QLD  Brisbane 894-915 subtropical OSL 5 3000 Lam et al. submitted 
15 Logan QLD  
Logan-
Albert 
158 subtropical OSL 4 - 6 950 Lam et al. submitted 
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16 Nerang QLD  
South 
Coast 
79 subtropical OSL 3 - 6 650 Lam et al. submitted 
^ bioregion based on Major Koppen Grouping. *C
14
, TL, OSL are abbreviation for Radiocarbon dating, Thermoluminescence dating, Optically-stimulated luminescence dating  
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5.4.3 Flood risk assessment tool 
There is a whole suite of flood risk management tools currently available online ranging from 
resources to interactive flood risk maps, aimed to improve the awareness of flood risk in Australia. 
These resources in general however reflect the complexity of the three-tiered government system. 
For example at the federal or national level, the focus of flood risk management is mitigation and 
disaster recovery (Box et al. 2013).  National-level agencies, such as Geoscience Australia provide 
hazards resources online (http://www.ga.gov.au). The Australian Flood Risk Information Portal is 
an example of an interactive map depicting existing flood studies in Australia. At state or territory 
and local council level, interactive flood risk maps are also available. At state level, the Queensland 
state flood-check portal (http://dnrm-floodcheck.esriaustraliaonline.com.au/floodcheck/) provides 
information of available studies, flood risk maps, available flood risk assessment and historical 
flood information. At local council level, the Brisbane city council flood information portal 
http://floodinformation.brisbane.qld.gov.au/fio/) provides flood risk maps and historical flood 
information.  
The advantages of these online flood risk resources include increasing flood risk awareness, 
having different level of detail and that it is free. However, a consolidation of these information 
sources may be a valuable direction in the future. This will also provide a better appreciation of 
locations that are in need of flood risk studies and information. 
Beyond these existing online flood information resources, which are output-oriented based on 
existing flood studies, another recommendation for improving flood risk management is the 
derivation of an online flood risk assessment tool that is freely available to the public. This online 
tool could have a database of all existing flood risk information and all other flood data (including 
palaeoflood records). Adopting a holistic and integrated approach, the end-user would have the 
ability to input relevant information to assess the likelihood of flood, their exposure and 
vulnerability and provide a robust flood risk assessment. It could also provide various climate 
projection scenarios. Examples of the essential features for a GIS-Based online risk assessment tool 
are summarized in Table 22 based on the Flood Risk Management Research Consortium Report 
(FRMRC) (Alexander et al. 2011). 
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Table 22. Essential features for a GIS-Based online risk assessment tool  
S/No. Features 
1 Include both hazard and vulnerability assessment for  integrated risk assessment 
2 Tool can be easily adapted to changing needs of different stakeholders 
3 Centralise all existing census data (for vulnerability assessment), inundation 
model outputs (for hazard assessment) 
4 Flexibility to adjust to varying hazard threshold (e.g. depth, velocity); to different 
hazard models (e.g. risk to lives, or economic damages); to different 
infrastructural concerns (e.g. roads, and/or  properties) 
5 Data and results available in spatial outputs (GIS layers on map) 
*Summarized from Flood Risk Management Research Consortium Report (FRMRC) (Alexander et al. 2011) 
5.4.4 Constant reminder to society of flood memories 
There are numerous online resources to educate the public about floods and the impacts. For 
example, after the floods in Queensland in 2010/2011, the state Government funded the ‘Harden 
Up’ website (www.hardenup.org) to provide a free resource to better understand previous weather-
related hazards and provide practical steps to be prepared.  Another way to increase the ‘exposure’ 
of flood experience is through the placement of flood markers in places that has been flooded 
before. Flood markers are common in key infrastructures in historical towns globally but they can 
be made more prominent to the public (Fig. 31). In addition to these flood markers of historical or 
previously gauged floods, palaeoflood records can also be added to these markers. This is especially 
useful if the magnitude of the palaeofloods is significantly higher. This way, palaeoflood records 
are readily available and provide a constant reminder to the public, especially to the local 
communities living in the flood risk zone. Another form of online resource is the sharing of 
research projects by academic teams in the bid to communicate science to the public. Examples 
include the SMARTeEST (Smarter Resilience, Tools, Technologies and Systems) project 
(http://www.smartfloodprotection.com/) and the Big Flood project 
(http://www.thebigflood.com.au/). The former seeks to improve flood resilience across Europe 
while the latter worked on reconstructing flood histories in SEQ. This Big Flood project can be seen 
as an example of one approach where palaeoflood hydrology and non-systematic floods records are 
documented and made available to the public. Access to this information improves the 
understanding of extreme floods, which helps to improve flood risk perceptions.  
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Figure 31. Comparison of flood markers  (A) Flood marker showing the 2011 flood in the Brisbane River, Queensland, Australia at the University of Queensland 
Tennis Centre, which is situated on the floodplains of the Brisbane River. (B) Watermark, an art sculpture reminding public about the flood on the Brisbane River, 
with the highest point indicating the flood level of the 1974 flood. Source: (A) author’s own, (B) http://www.weekendnotes.com. 
(A) (B) 
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5.5 Conclusion 
Floods now represent Australia’s most costly natural hazard and the way both government and the 
public perceive floods has changed greatly in recent decades in response to repeated extreme flood 
events in Eastern Australia. These floods have highlighted several gaps in both our current approach 
to flood frequency analysis and the public’s perception of an extreme event. The central tenet to 
better flood risk management is lower uncertainty around FFA. It is the cornerstone of being better 
prepared and providing the public with greater confidence in flood estimates for planning and 
public safety. This paper provides the context and justification for seeing palaeoflood hydrology as 
a key contribution to achieving these aims. In essence it helps address and solve many of the 
recognised challenges of both contemporary and future flood risk management. As future climate 
models show evidence of increasing incidences of extreme flood events, it is time to turn to the past 
as an archive of the frequency and magnitude of flood events over recent decades and millennia. 
The technology is available and the cost of including this data is relatively small when compared to 
the estimated cost to infrastructure and public safety when uncertainty in flood prediction remains 
high. Practical recommendations for the next phase of flood risk management in Australia are 
provided with the aim to embrace palaeoflood hydrology in future revisions to FFA methods and 
flood risk management. 
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CHAPTER 6: 
Conclusions and Future Directions 
6.1 Learn the lesson from the past; apply the lesson for the future  
Understanding the magnitude and frequency of past floods is critical for the mitigation of future 
flood risk. The loss of lives and damages incurred as a result of floods is escalating with increasing 
population and development on the floodplains. As the name suggest, floodplains flood, and 
because many of the world’s cities and towns are built on floodplains, and in most cases it is 
impossible to move them and the economies away, improved means to manage flood risk in these 
zones become crucial.  
This thesis mainly adopts a fluvial geomorphological approach to advance flood studies in 
Australia. The use of palaeoflood records derived from field evidence provides the most accurate 
reflection of previous floods that have occurred. If it has happened before, it can happen again. This 
simple concept is often very true in the natural environment, especially in relation to natural 
hazards. Learning from the environment is important and enhances the role of environmental 
science in decision making for flood mitigation policy and risk management.  
Palaeoflood hydrology has developed significantly over the last 30 years. This thesis has 
illustrated its application in extending the record and generating more flood data, improving the 
estimation and uncertainty of high flood quantiles, and the role it has in flood risk management in 
Australia and worldwide. The application of palaeoflood information has also been demonstrated to 
provide potential key understanding to past climates and climatic drivers of floods.  
The aim of the thesis is to improve our understanding of extreme flood magnitude and 
frequency in the subtropical climate of Southeast Queensland (SEQ). Five objectives defined to 
achieve the aim were to identify and utilise (i) spatial and (ii) temporal flood information and (iii 
and iv) applying additional flood information using innovative statistical methods to improve Flood 
Frequency analysis (FFA) and (v) flood risk management in the region. FFA and the associated 
‘design flood’ is a key basis for flood risk management. Overall, this thesis has demonstrated that 
palaeoflood hydrology and its application provides critical information from the past that provides 
valuable lessons which should be used to inform future planning and risk management. 
6.2 Key findings and research significance 
The main findings and the research significance of this thesis are summarised below through the 
various objectives set out at the beginning of this thesis in chapter 1. 
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Objective 1: Define and introducing spatial information of extreme events to improve flood records  
The preliminary step to achieve this objective and indeed the necessary foundation required was to 
first derive a working definition of ‘extreme flood’ for this thesis. An Australian Envelope Curve 
(AEC) was produced using all available gauged records throughout Australia to provide basis for 
the working definition. The AEC at its basic level provides a quick comparison of relative flood 
magnitude across Australia.  
The inclusion of extreme flood information from homogenous regions using the Probabilistic 
Regional Envelope Curve (PREC) method, as outlined in Chapter 2, demonstrates an innovative 
statistical method only previously applied in Saxon, Germany (Guse et al. 2010b). The 
methodology of integrating spatial flood information from homogenous regions to increase 
individual gauge flood records resulted in almost 60% and 75% of the stations showing significant 
changes to the 1% and 0.1% Annual Exceedance Probability (AEP) estimates respectively. A 
thought-provoking finding from this work is that some of the gauging stations at least in this region 
have captured multiple extreme events in the short gauge period which biased the statistical 
probability of the FFA. This is contrary to popular belief that stations with short gauging records 
will typically have too little or no records of the extreme events. Regardless, this is another example 
of illustrating the potential of poor distributions of flood magnitude in short gauge records.  
Sixty years of gauge record was shown to be needed before there was convergence between 
AEP estimates derived from at-a-site flood records and the integration of flood information from 
homogenous regions. The majority of gauges have less than sixty years of record, indicating the 
important of spatial flood information. This method has clearly demonstrated a quick means to 
improve the upper-tail end distribution of floods through the use of records from gauges in 
homogenous regions. The decision-making tree (Fig. 14) provides a guide for the application of the 
method. In lieu of the cost and the time required to gather historical and palaeoflood records, spatial 
information of extreme flood can be a short-term solutions to estimate the potential variations in 
estimations of design flood’s flood quantile. However, all the gauged flood information is still 
limited to the past century, hence the climate forcing and stochastic events of this sample window.  
Objective 2: Test the applicability of using slack water deposits as archives of extreme flood in 
the region 
The use of SWDs as flood archives requires the derivation of an age chronology (frequency of 
palaeoflood) and an estimated discharge (magnitude of palaeoflood). As there have been no similar 
studies in subtropical Australia, field investigation confirmed the presence of suitable physical 
settings, outside of the traditional bedrock gorge setting. Chapter 3 demonstrated that SWDs are 
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present with flood units distinguishable in laterally stable macrochannel systems (oversized, semi-
alluvial channels confined and constrained by bedrock and/or fine-grained resistant terrace 
sediments) The presence of SWDs containing archives of previous flooding in the macrochannel 
systems  has important implications for the expansion in application of palaeoflood hydrology 
across subtropical and other environments which have previously been limited to bedrock settings..  
More than 30 flood units across the five study sites were identified with ~70% of them 
between 100 and 1000 years old, therefore providing an important temporal extension of the flood 
record for the region. Elevation of some flood units, hence paleoflood magnitude were near 
Palaeostage Indicators (PSIs) from recent extreme events which provided useful information for the 
calibration of estimated minimum discharges for the respective palaeoflood units to the nearest 
gauging station. Although the predicted palaeoflood discharges in this study are not beyond the 
order of magnitude of the FoRs of respective gauges, >80% are archives of ‘extreme’ flood and 
remain vital information for the upper tail distribution of the flow records.  
The stability of the macrochannel cross sectional area was evaluated over the timeframe of the 
paleoflood record via OSL dating of within channel boundary sediments, examination of 
stratigraphy for discontinuities and the application of sensitivity analysis using rate of sedimentation 
which showed any changes in channel capacity, hence discharges of these palaeoflood records are 
mostly within the 90% confidence interval (uncertainty range). This has important implications as it 
offers confidence to the use of SWDS in non-bedrock settings for palaeoflood reconstructions. 
Overall, it has been demonstrated that SWDs in this subtropical region can be used as flood 
archives and this has important research significance in applying palaeoflood hydrology outside 
bedrock settings and to more populous locations.  
Objective 3: Integrate extreme flood records through time (combining palaeoflood and historical 
flood records with systematic records) 
This objective set out to test the application of integrating palaeoflood and historical flood records 
in improving FFA. The potential changes to the estimated discharges of the various flood quantiles 
is demonstrated in chapter 4. Importantly, the availability of additional temporal flood data reduced 
the uncertainty of quantile discharge estimation. To illustrate, there is over 50% reduction in the 
uncertainty associated with estimated discharge for the 1% AEP flood across all 3 study sites. This 
research outcome will lead to greater certainty design flood derivation by FFA and greater 
confidence in flood risk maps based on design floods. 
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Objective 4: Establishing synchronous palaeoflood periods with climatic drivers in the region 
Chapter 3 provided some analysis of the synchronicity of high magnitude floods across the region 
based on other regional proxies for flood, cyclone and climatic conditions. In the bid to improve the 
understanding between high magnitude floods and regional climatic drivers, comparisons were 
made with available climate proxy records. Results showed periods of regional extreme floods 
generally coincide with La Niña and negative Interdecadal Pacific Oscillation (IPO) phases, and 
perhaps more clearly, tropical cyclones appear to be the key weather system that has the potential to 
generate large floods. 
Objective 5: Incorporate palaeoflood flood information in flood risk management 
The application of palaeoflood hydrology has been demonstrated in this thesis and elsewhere, but a 
key challenge for the discipline remains for the integration and application of the palaeoflood 
research results to management problems (Gregory et al. 2015). Chapter 5 reviews flood 
management and current challenges in Australia and globally and highlights the lack of inclusion of 
palaeoflood hydrology. The United States and some European countries are now including 
palaeoflood hydrology in flood risk management. Australia remains reluctant due to a lack of a 
clearly defined methodology for paleoflood reconstruction and integration with systematic records. 
This chapter provides recommendations on methodologies and accountability of paleoflood data to 
enhance its application to flood risk. These include the integration of palaeoflood records to FFA; 
the creation of a national repository of palaeoflood records; an online flood risk assessment tool, 
and; various means to improve the public’s awareness and exposure to flood experience. The 
incorporation of palaeoflood hydrology can provide fundamental appreciations and concrete 
fundamental steps for the incorporations of palaeoflood information in flood risk management. 
6.3 Concluding remarks  
The research here has improved our understanding of extreme floods in the region and illustrated a 
number of methods to improve confidence in estimates of extreme flood magnitude and frequency. 
This thesis creates a foundation for the application of palaeoflood hydrology in Australia and the 
adoption in policy and planning, so as to better understand flood risk and provide greater certainty 
to manage the risk. This is the first study of reconstruction SWDs palaeoflood records in SEQ. It is 
also the first study to systematically find, examine, and integrate palaeoflood records for FFA in 
multiple sites across subtropical Australia. The application of spatial flood information and more 
importantly temporal flood records demonstrate the potentials in improving flood risk management 
strategies. 
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In the global context, besides expanding into the subtropical settings, this thesis has 
demonstrated through sensitivity analysis the opportunities of extending beyond bedrock settings 
and into areas that are more readily available and accessible. These areas are also often more 
populous and hence have greater risk implications. The application of palaeoflood records to 
improve FFA and associated products such as flood risk maps is an invaluable asset to manage 
flood risk globally.  
6.4 Future research directions 
The approach adopted in this study was designed to elucidate the significance and need for 
palaeoflood records in subtropical Queensland, Australia. There remains potential to further 
investigate the source and use of historical and/or palaeoflood records but were beyond the scope of 
this thesis. Further research areas are briefly discussed below.  
 It will be worthwhile to engage in a nationwide historical archives data collection to collect any 
available flood information from written and other forms (e.g. pictorial, cartography, and 
painting) records of floods. In addition, the wealth of knowledge and information past down 
from ancestors of the aboriginal communities can further extend historical evidence of floods in 
the past. 
 In addition to using sedimentological indicators for floods, dendrological indicators can play an 
important role in understanding frequency and magnitude of past floods. Examples include 
impact scarring, exposed roots and adventitious branches (Benito and Diez-Herrero 2015). In 
field reconnaissance along the rivers in the region, it is common to see Callistemon shrubs 
tilted at an acute angle downstream from previous floods and new adventitious branch growing 
skywards. It is also not uncommon to see these branches subsequently tilted by later floods. 
There is potential to understand frequency and magnitudes of floods using this form of 
dendrological indicators. 
 The application of palaeoflood hydrology in engineering dam evaluation and design are 
increasingly adopted in western United States, Spain and Israel (Baker 2008). In contrast, 
design rainfall (i.e. the probable maximum precipitation (PMP) and the resulting probable 
maximum precipitation design flow (PMPDF) are typically used in dam design across 
Australia. Further research of employing palaeoflood hydrology in dam safety in Australia can 
provide additional information in the guideline on dam design and construction. 
 There remains much scope to tease out greater understanding of climate in the past and the 
occurrence of extreme floods. This can be made possible with the availability of more 
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palaeoflood records in the region in the future. Given the unprecedented increase in the rate of 
global warming, improving our understanding of the relationship between synchronous period 
of extreme flooding and particular climatic drivers can enhance our risk assessment and 
management of flood risk going into the future.  
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Appendix A: 
 
Grain Size verification on mastersizer laser diffractometer 
Basin  River/ 
Reach  
Site  SWD 
setting  
Flood 
Unit #  
D10 
(mm):  
D50 
(mm):  
D90 
(mm):  
(D90 / D10) 
(mm):  
(D90 - D10) 
(mm):  
(D75 / D25) 
(mm):  
(D75 - D25) 
(mm):  
            
Burnett  Barambah  A  PZTM  1  12.99  66.29  169.9  13.08  156.9  3.393  80.11  
Burnett  Barambah  A  PZTM  2  18.23  131.3  305.8  16.77  287.6  3.462  152.4  
Burnett  Barambah  B  EZLS  3  7.325  68.25  193.1  26.36  185.8  4.677  99.27  
Burnett  Barambah  B  EZLS  4  15.11  87.70  206.5  13.67  191.4  3.231  99.40  
Burnett  Barambah  C  EZLS  5  70.23  138.2  225.9  3.216  155.6  1.819  82.13  
Burnett  Barambah  C  EZLS  6  67.39  138.2  227.4  3.375  160.0  1.845  83.93  
Mary  Mary  D  PZTM  7  3.391  15.03  94.92  27.99  91.53  5.341  28.34  
Mary  Mary  D  PZTM  8  4.552  25.21  57.17  12.56  52.62  3.791  30.69  
Mary  Mary  D  PZTM  9  4.244  33.93  118.6  27.95  114.4  6.154  58.89  
Mary  Mary  D  PZTM  10  3.362  13.09  56.88  16.92  53.51  4.705  22.42  
Mary  Mary  E  EZLS  11  5.942  53.40  169.2  28.48  163.3  5.963  90.28  
Mary  Mary  E  EZLS  12  8.749  88.46  263.5  30.11  254.7  6.202  148.3  
Mary  Mary  E  EZLS  13  9.816  65.99  186.2  18.96  176.3  4.072  89.82  
Brisbane  Emu  F  EZ  14  5.040  42.80  128.6  25.52  123.6  5.309  65.75  
Brisbane  Emu  F  EZ  15  17.88  116.6  286.4  16.02  268.5  3.713  144.6  
Brisbane  Emu  F  EZ  16  5.069  37.74  136.8  26.98  131.7  6.086  69.29  
Brisbane  Emu  G  PZTM  17  7.203  55.64  160.7  22.31  153.5  4.979  84.53  
Brisbane  Emu  H  PZTM  18  31.07  126.7  284.2  9.146  253.1  2.885  131.6  
Brisbane  Emu  H  PZTM  19  7.404  46.20  135.9  18.36  128.5  4.203  65.69  
Logan-Albert  Logan  I  CZ  20  26.61  84.42  195.1  7.332  168.5  2.748  86.18  
Logan-Albert  Logan  I  CZ  21  32.73  154.0  380.4  11.62  347.7  3.303  181.8  
Logan-Albert  Logan  I  CZ  22  6.720  87.58  263.4  39.19  256.7  7.830  155.7  
Logan-Albert  Logan  I  CZ  23  27.97  144.6  343.5  12.28  315.6  3.304  167.4  
Logan-Albert  Logan  I  CZ  24  12.66  82.39  204.4  16.15  191.7  3.649  101.5  
Logan-Albert  Logan  I  CZ  25  4.230  22.16  108.4  25.63  104.2  5.311  39.64  
South Coast  Nerang  J  CZ  26  17.32  93.14  220.5  12.73  203.2  3.123  103.6  
South Coast  Nerang  J  CZ  27  14.56  54.79  95.31  6.547  80.75  2.216  41.59  
South Coast  Nerang  K  CZ  29  6.927  49.61  152.9  22.07  145.9  4.653  75.74  
South Coast  Nerang  K  CZ  30  27.71  125.5  213.8  7.716  186.1  2.093  89.13  
South Coast  Nerang  K  CZ  31  26.64  124.1  212.0  7.958  185.4  2.111  89.07  
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Appendix B: 
 
HEC-RAS model input parameters and other details 
Basin  River/ Reach  Site  Flood Unit #  XS  
Boundary  
data  
Upstream 
boundary  
Downstream 
boundary 
(slope)  
Manning’s n 
(Channel, 
overbank)  
Calibration  
Burnett  Barambah  A-C  1-6  30m SRTM 
and Total 
Station survey  
Critical depth  Normal depth 
(0.002)  
0.05, 0.03  2013 flood 
debris line; 
land owner's 
input  
Mary  Mary  D-E  7-13  30m SRTM 
and Total 
Station survey  
Critical depth  Normal depth 
(0.002)  
0.025, 0.03  2015 flood silt 
line; 2013 
flood stage 
height based 
on land 
owner's input  
Brisbane  Emu  F-H  14-19  5m digitized 
topographical 
map and Total 
Station survey  
Critical depth  Normal depth 
(0.002)  
0.07, 0.05  2011 flood 
stage height 
based on land 
owner's input  
Logan-Albert  Logan  I  20-25  5m digitized 
topographical 
map and Total 
Station survey  
Critical depth  Normal depth 
(0.003)  
0.05, 0.03  2011 and 2013 
flood stage 
heights based 
on land 
owners' input  
South Coast  Nerang  J-K  26-31  5m digitized 
topographical 
map  
Critical depth  Normal depth 
(0.004)  
0.04, 0.03  2013 flood 
debris line  
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Appendix C: 
 
HEC-RAS model input cross-sections 
 
156 
 
 
Appendix D: 
 
Details of criteria used to identify respective flood units 
Basin  River/ 
Reach  
Site  SWD 
setting  
Flood 
Unit #  
Thick-
ness (m)  
Colour  Bioturbation/ 
Organic/ 
Charcoal-rich 
layer  
Laminatio
n  
Dip  Grain Size  
Burnett  Barambah  A  PZTM  1  0.19  10YR3/4  Few roots  Poor  -  Fine silty loam  
Burnett  Barambah  A  PZTM  2  0.4  10YR4/4  -  -  -  Coarse silt loam 
Burnett  Barambah  B  EZLS  3  0.17  10YR3/4  Few roots  -  5º dip 
away from 
channel  
Fine silty loam  
Burnett  Barambah  B  EZLS  4  0.23  10YR4/4  -  -  -  Coarse silt loam  
Burnett  Barambah  C  EZLS  5  0.45  10YR5/6  Big root  some  -  Gradation from fine silt 
to coarse sand  
Burnett  Barambah  C  EZLS  6  >0.25  10YR5/4  -  some  -  Gradation from ine silt to 
sandy loam  
Mary  Mary  D  PZTM  7  0.21  10YR4/4  Few roots  -  5º dip 
away from 
channel  
Coarse silt loam  
Mary  Mary  D  PZTM  8  0.15  7.5YR5/8  bio-activity  Poor  -  clay-silty loam  
Mary  Mary  D  PZTM  9  0.34  7.5YR6/4  -  -  -  clay-silty loam  
Mary  Mary  D  PZTM  10  0.27  7.5YR5/8  -  -  -  clay-silty loam  
Mary  Mary  E  EZLS  11  0.1  10YR5/6  bio and root 
activity  
-  <5º dip 
away from 
channel  
Silty-clay loam  
Mary  Mary  E  EZLS  12  0.15  10YR4/6  -  Poor  <5º dip 
away from 
channel  
Coarse silt loam  
Mary Mary E EZLS 13 >0.4 7.5YR6/8 -  - Silty-clay loam 
Brisbane  Emu  F  EZ  14  0.28  7.5YR/5/3  organic staining 
and root activity  
Poor  <5º dip 
downstrea
m  
clay-silty loam  
Brisbane  Emu  F  EZ  15  0.23  7.5YR/6/8  -  -  <5º dip 
downstrea
m  
Coarse silt loam  
Brisbane  Emu  F  EZ  16  0.35  7.5YR/5/6  -  -  -  clay-silty loam  
Brisbane  Emu  G  PZTM  17  0.48  10YR/6/3  Few roots  minor  -  gradation from clay-silty 
to coarse silt loam  
157 
 
 
Brisbane  Emu  H  PZTM  18  0.51  7.5YR/7/6  few bio-activity, 
organic staining  
some  -  gradation from clay to 
fine sand loam  
Brisbane  Emu  H  PZTM  19  >1.3  7.5YR/6/4  -  Poor  -  clay-silty loam  
Logan-Albert  Logan  I  CZ  20  0.07  10YR/5/2  organic  -  5º dip 
away from 
channel  
Coarse silt loam  
Logan-Albert  Logan  I  CZ  21  0.1  10YR/7/4  charcoal rich top  -  5º dip 
away from 
channel  
gradation from silt to fine 
sand loam 
Logan-Albert  Logan  I  CZ  22  0.12  10YR/6/4  charcoal rich top, 
roots at boundary 
to next  
Poor  5º dip 
away from 
channel  
silt loam  
Logan-Albert  Logan  I  CZ  23  0.15  10YR/7/4  Few roots  -  sharp 
pinch 
away from 
channel  
gradation from silt to fine 
sand loam  
Logan-Albert  Logan  I  CZ  24  0.2  10YR/6/4  roots at boundary 
to next  
Poor  -  silt loam  
Logan-Albert  Logan  I  CZ  25  >0.4  10YR/5/1  organic rich  -  -  clay-silty loam  
South Coast  Nerang  J  CZ  26  0.2  7.5YR/6/3  Few roots  Poor  -  Coarse silt loam  
South Coast  Nerang  J  CZ  27  0.17  7.5YR/6/4  root activity  -  -  clay-silty loam  
South Coast  Nerang  J  CZ  28  0.22  10YR/6/6  -  -  -  gravel and cobble matrix  
South Coast  Nerang  K  CZ  29  0.2  7.5YR/6/4  Few roots  -  -  clay-silty loam  
South Coast  Nerang  K  CZ  30  0.42  10YR/6/6  -  Poor  -  gradation from fine silt to 
coarse sand  
South Coast  Nerang  K  CZ  31  0.13  7.5YR/6/4  charcoal rich top  -  -  fine sand  
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Appendix E: 
 
Cross-Correlation of Fisherman’s Pocket and Gympie Stations Daily Peak Height (m) 1995 – 
2002 
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Appendix F: 
 
HEC-RAS model input parameters and other details 
Model input and setting Site 1 Site 2 Site 3 
XS Boundary data 30m SRTM and 
Total Station survey 
30m SRTM and Total 
Station survey 
1m LiDAR-DEM 
Upstream boundary Critical depth Critical depth Critical depth 
Downstream boundary 
(slope) 
Normal depth (0.002) Normal depth (0.002) Normal depth 
(0.0008) 
Manning’s n 
Channel, overbank 
0.05,  0.03 0.025, 0.03 0.04, 0.03 
Calibration 2013 flood debris 
line 
2015 flood silt line 2011 flood peak 
survey 
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Appendix G: 
 
Summary of the posterior moments and  range of % AEPs of Site 1-3 FFA with and without 
additional temporal flood information 
 
Site 1-AMS 
 
      Summary of Posterior Moments from Importance Sampling (LPIII) 
 
  
Distribution Parameter 
Name 
Mean Std dev 
  
1 
 Mean (loge 
flow) 5.34052 0.20792 
  
2 
 loge [Std dev 
(loge 
flow)] 
0.36355 0.11426 
  
3 
 Skew (loge 
flow) 0.50868 0.28823 
   
Flood Frequency result (LPIII) 
   
AEP 1 
in Y 
 Exp 
parameter 
quantile 
Monte Carlo 90%  
probability limits 
Mean 
(log10(q)) 
Stdev 
(log10(q)) 
1.01  12.61 5.85 20.5 1.0964 0.174 
1.1  34.23 22.55 48.6 1.5328 0.1026 
1.25  60.85 42.77 84.9 1.7828 0.0904 
1.5  102.48 73.44 143.4 2.0093 0.0888 
1.75  143.64 102.72 203.7 2.1561 0.0903 
2  184.76 131.42 264.4 2.2656 0.0925 
3  348.49 239.44 523.4 2.5419 0.1025 
5  666.56 434.68 1083.8 2.8248 0.1212 
10  1400.29 835.25 2667.4 3.1494 0.1552 
20  2685.47 1442.08 6182.7 3.4347 0.1959 
50  5829.13 2652 17506.1 3.7751 0.2558 
100  10021.38 3950.25 37293.8 4.0135 0.3041 
200  16751.83 5674.47 78542.7 4.2399 0.3541 
500  31954.03 8886.53 200247.9 4.5249 0.4222 
1000  51038.49 12156.41 396368.2 4.7318 0.4747 
2000  80361.78 16255.15 780104.8 4.9326 0.5281 
5000  143760.4 23364.72 1910087 5.1902 0.5995 
10000  220559.24 30297.48 3756526 5.3799 0.6541 
20000  335382.93 38571.65 7173098 5.5659 0.7092 
50000  576691.26 52272.09 16729677 5.8066 0.7826 
100000  862046.69 65548.2 31681678 5.9852 0.8385 
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Site 1-AMS+SWD 
 
    
      Summary of Posterior Moments from Importance Sampling (LPIII) 
 
  
Parameter 
Name 
Mean Std dev 
  
1 
Mean (loge 
flow) 5.31039 0.18362 
  
2 
loge [Std dev 
(loge flow)] 0.34245 0.08272 
  
3 
Skew (loge 
flow) 0.48818 0.24891 
  
Flood Frequency result (LPIII) 
    
AEP 1 in Y 
Exp 
parameter 
quantile 
Monte Carlo 90%  
probability limits 
Mean 
(log10(q)) 
Stdev 
(log10(q)) 
1.01 12.7 5.91 20.7 1.0979 0.1735 
1.1 34.32 22.9 48.7 1.5344 0.1021 
1.25 60.6 42.99 84.2 1.7822 0.0896 
1.5 101.26 73.12 141.7 2.0056 0.0876 
1.75 141.08 101.52 199.2 2.1497 0.0883 
2 180.59 129.83 256 2.257 0.0891 
3 336.03 239.12 481.4 2.5268 0.0916 
5 632.82 444.68 921.5 2.8018 0.0951 
10 1303.55 887.67 1938.6 3.1159 0.1035 
20 2453.84 1595.57 3879.6 3.391 0.1178 
50 5202.06 3104.79 9262.4 3.7181 0.1451 
100 8789.56 4844.38 17478.6 3.9465 0.1707 
200 14444.79 7228.86 32580.4 4.163 0.1994 
500 26950.85 11794.42 72377.5 4.435 0.2406 
1000 42342.99 16639.51 130577.4 4.6322 0.2737 
2000 65590.39 22997.17 233206.3 4.8232 0.308 
5000 114853.11 34426.93 493560 5.0679 0.3549 
10000 173404.38 45411.27 864690.3 5.2479 0.3913 
20000 259506.75 59500.85 1499188 5.4241 0.4283 
50000 436967.34 83916.77 3084430 5.6519 0.4781 
100000 642964.64 108395 5290675 5.8209 0.5164 
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Site 2-AMS 
 
    
      Summary of Posterior Moments from Importance Sampling (LPIII) 
 
  
Parameter 
Name 
Mean Std dev 
  
1 
Mean (loge 
flow) 6.71275 0.1283 
  
2 
loge [Std dev 
(loge flow)] 0.15859 0.11426 
  
3 
Skew (loge 
flow) 
-
0.53025 0.35664 
  
Flood Frequency result (LPIII) 
    
AEP 1 in Y 
Exp 
parameter 
quantile 
Monte Carlo 90%  
probability limits 
Mean 
(log10(q)) 
Stdev 
(log10(q)) 
1.01 34.28 9.81 91.1 1.5188 0.2989 
1.1 161.28 93.73 249.7 2.205 0.1318 
1.25 320.08 229.46 423.8 2.506 0.0827 
1.5 543.85 430.71 679 2.7376 0.0606 
1.75 738.37 602.49 909.9 2.8707 0.0548 
2 912.21 749.8 1119 2.9625 0.0529 
3 1472.49 1215.85 1802 3.1697 0.0519 
5 2245.79 1851.15 2731.3 3.3518 0.0518 
10 3403.03 2789.52 4204.7 3.5307 0.0542 
20 4667 3751.23 6034.6 3.6667 0.0633 
50 6471.95 4966.49 9245.1 3.8078 0.0852 
100 7918.82 5791.46 12451.3 3.8953 0.1064 
200 9420.64 6500.79 16529.7 3.971 0.1297 
500 11469.69 7279.84 23343.9 4.0577 0.1623 
1000 13054.15 7739.4 30023 4.1152 0.1876 
2000 14657.7 8146.02 37564.9 4.1673 0.2133 
5000 16792.62 8584.66 50026.8 4.2292 0.2473 
10000 18409.67 8878.02 61558.9 4.2718 0.273 
20000 20021.36 9104.22 75691.4 4.3112 0.2985 
50000 22134.3 9336.54 98940 4.3592 0.3321 
100000 23713.23 9484.17 119982.7 4.3928 0.3572 
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Site 2-AMS+Hist+SWD 
 
  
      Summary of Posterior Moments from Importance Sampling (LPIII)   
  
Parameter 
Name 
Mean Std dev 
  
1 
Mean (loge 
flow) 6.6442 0.1048 
  
2 
loge [Std dev 
(loge flow)] 0.03653 0.09367 
  
3 
Skew (loge 
flow) -0.19752 0.26822 
  
Flood Frequency result (LPIII) 
   AEP 1 in 
Y 
Exp parameter 
quantile 
Monte Carlo 90%  
probability limits 
Mean (log10(q)) 
Stdev 
(log10(q)) 
1.01 58.96 25.01 116.9 1.7609 0.206 
1.1 187.68 124.37 263.2 2.2713 0.1014 
1.25 324.69 246.46 411.6 2.5114 0.0692 
1.5 505.81 411.48 611.9 2.7049 0.0531 
1.75 659.11 550.26 787.6 2.8202 0.0475 
2 794.97 670.99 942.2 2.9017 0.0451 
3 1233.73 1054.25 1444.7 3.0925 0.0419 
5 1854.58 1597.25 2151.5 3.2691 0.0395 
10 2833.97 2459.7 3255.3 3.4524 0.0371 
20 3984.04 3451.53 4599 3.5995 0.0378 
50 5786.24 4893.81 6970.2 3.7606 0.0466 
100 7376.93 6039.87 9327.1 3.8655 0.0582 
200 9175.46 7183.92 12323.9 3.9597 0.0726 
500 11890.31 8709.46 17514.7 4.0718 0.0942 
1000 14213.06 9861.09 22515.4 4.1491 0.1118 
2000 16779.54 10974.97 28673.4 4.2211 0.1301 
5000 20564.67 12404.07 39076.6 4.3094 0.1551 
10000 23738.81 13445.32 49061.6 4.3719 0.1745 
20000 27192.65 14486.04 61298.8 4.4311 0.1941 
50000 32205.98 15797.36 81271.4 4.5051 0.2204 
100000 36350.87 16759.07 99900 4.5581 0.2404 
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Site 3-AMS 
 
    
      Summary of Posterior Moments from Importance Sampling (GEV) 
 
  
Parameter 
Name 
Mean Std dev 
  1 Location u 66.13307 12.37172 
  2 loge (Scale a) 4.5575 0.19393 
  3 Shape k -0.56473 0.17672 
  
Flood Frequency result (GEV) 
   AEP 1 
in Y 
Exp parameter 
quantile 
Monte Carlo 90%  
probability limits 
Mean (log10(q)) 
Stdev 
(log10(q)) 
1.1 0.33 -30.05 19.3 0.8477 0.4553 
1.25 26.35 4.66 41.9 1.3678 0.2574 
1.5 57.4 38.61 76.7 1.7479 0.095 
1.75 82.69 61.27 107.3 1.9127 0.0746 
2 104.96 80.06 134.7 2.0181 0.0694 
3 178.4 138.98 226.8 2.2507 0.065 
5 291.15 226.99 380.3 2.465 0.0682 
10 499 372.9 721.9 2.701 0.0875 
20 800.79 554.47 1334.6 2.9086 0.1189 
50 1426.42 855.19 3015.1 3.162 0.1705 
100 2165.52 1143.67 5593.9 3.3453 0.2139 
200 3257.02 1495.13 10318.2 3.5244 0.2597 
500 5538.88 2096.34 22967.6 3.757 0.3227 
1000 8244.18 2673.39 42154.6 3.9311 0.3718 
2000 12245.01 3381.46 77400.7 4.1041 0.4217 
5000 20615.51 4584.35 172162.2 4.3316 0.4886 
10000 30542.7 5736.23 317238.7 4.503 0.5398 
20000 45225.9 7183.51 588135.7 4.6742 0.5914 
50000 75948.28 9631.06 1308057 4.9 0.66 
100000 112385.48 12026.97 2407615 5.0706 0.7122 
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Site 3-AMS+SWD 
 
  
      Summary of Posterior Moments from Importance Sampling (GEV)   
  
Parameter 
Name 
Mean Std dev 
  1 Location u 65.34365 12.38985 
  2 loge (Scale a) 4.54786 0.18915 
  3 Shape k -0.47647 0.1383 
  
Flood Frequency result (GEV) 
   AEP 1 
in Y 
Exp parameter 
quantile 
Monte Carlo 90%  
probability limits 
Mean (log10(q)) 
Stdev 
(log10(q)) 
1.25 25.14 3.25 41.6 1.3465 0.2701 
1.5 56.66 37.69 76.3 1.7419 0.0972 
1.75 81.63 60.38 106 1.9069 0.0747 
2 103.16 78.56 132.1 2.0106 0.0686 
3 171.86 135.25 215.5 2.2343 0.0618 
5 272.16 217.77 339.1 2.4351 0.059 
10 446.24 354.58 576.5 2.6512 0.0649 
20 683.16 519.91 957.7 2.8376 0.0819 
50 1139.18 791.16 1857.2 3.0616 0.1156 
100 1641.25 1040.7 3046.4 3.2217 0.1461 
200 2338.47 1345.28 5002.8 3.3769 0.1792 
500 3694.05 1828.67 9655.5 3.5772 0.2257 
1000 5192.92 2283.14 15794.9 3.7264 0.2624 
2000 7277.97 2832.14 26034.8 3.874 0.3 
5000 11335.59 3734.3 50166.6 4.0677 0.3509 
10000 15823.98 4588.21 82613.9 4.2134 0.3901 
20000 22068.73 5597.13 135555.2 4.3586 0.4296 
50000 34222.46 7295.71 261052.2 4.55 0.4825 
100000 47667.06 8861.04 427101.1 4.6944 0.5228 
 
